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1. INTRODUCTION 
1.1 General Remarks 
For major highway bridge structures the current trend is to move 
toward the use of longer spans. Some of the more important reasons that may 
be quoted are considerations related to safety, economy, function, and 
aesthetics of the structure. Because of the upper limits that are imposed 
on the lengths in which precast prestressed girders can be supplied 
(normally in the 100 ft range), new construction techniques had to be 
developed. One of the solutions to this problem has been the development of 
various segmental construction procedures, with the cantilever construction 
method being widely accepted as the preferred method. In segmental canti-
levered bridge construction, which is primarily the progressive construction 
of a series of double cantilevers from short segments, the adjacent canti-
levers may either be made continuous or hinged at midspan. Because of the 
excessive deflections sometimes exhibited by structures where adjacent 
double cantilevers are connected by hinges, the tendency has lately been to 
make cantilevers continuous by providing suitable connections and prestress-
i ng details. 
Cantilever construction techniques have been used for a very long 
time by builders of wooden bridges. Furthermore, cantilever construction 
procedures and prefabrication techniques have been used by designers of 
long-span steel bridges since the turn of the century. It was in 1948 that 
Freyssinet made use of a combination of a cantilever construction technique 
and precast segments to construct a prestressed concrete bridge across the 
Marne River near Paris. In Germany the construction of the Worms Bridge in 
1952 resulted .in the acceptance of the cast-in-place cantilever construction 
procedure in that country (46)~ Ever since that time period, the development 
of ~egmental prestressed bridge construction procedures has been vigorously 
pursued in Western Europe. In the U.S.A. the first segmental prestressed 
* Numbers in parentheses refer to entries in the List of References. 
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box girder b.ridge was constructed in 1973 at Corpus Chris.ti, Texas (27). 
That bridge was constructed by the cantilever method used in conjunction 
with precast segments. A cast-in-place segmental prestressed concrete 
bridge was constructed across the Pine Valley, 'near San Diego, in 1974. 
Sub.sequently a number of segmental prestressed concrete bridges have been 
built in the U.S.A. 
One of the major problems associated with prestressed concrete 
structures is the time-dependent loss. of pres tressi ng force due to creep 
and shrinkage of the concrete as well as relaxation of the prestressing 
steel reinforcement. These phenomena can lead to time-dependent deforma-
tions greatly in excess of the initial instantaneous elastic deformation of 
the structure. It should thus be clear that for long span prestressed 
concrete bridges built by the segmental cantilevered construction procedure, 
these deformations may be very important, especially when consideration is 
given to the fact that for these bridges the ends of adjacent cantilevers 
should meet at the correct grade and alignment. Furthermore, excessive 
deflection of such structures can lead to violations of certain service-
abili.ty requirements as well as an objectionable structure from an 
aesthetic point of view. 
At the present time the Portland Cement Association is conducting an 
experimental research program aimed at recording time-dependent concrete 
strains as well as deflections on the Kishwaukee River Bridge near Rockford, 
Illinois. The bridge is a continuous five span structure built by the 
segmental cantilevered method. The segments were precast. In addition to 
monitoring th.e deflections and concrete strains of the bridge itself, the 
shrinkage and creep properties of the concrete used in the bridge are being 
determined on specimens stored outdoors in Skokie, Illinois, as well as on 
laboratory stored specimens. The availability of this experimental data 
in addition to a detailed description of the construction sequence of the 
bridge therefore provided an excellent opportunity to conduct an analytical 
study of the time-dependent behavior of the Kishwaukee River Bridge. 
3 
1.2 Previous Work 
The publications that deal with. th.e topic of th_e long-time beh.avior 
of segmentally constructed prestressed concrete bridges are limited in num-
ber. In what follows most of the availahle literature that has a dt:rect 
bearing on this topic is briefly discussed. Furthermore, some of the more 
important publications that deal with the design and construction of seg-
mentally constructed prestressed concrete bridges are mentioned. 
In the literature several state of the art papers exist. Of special 
interest are two publications by Muller (46,47) and one by Libby (41). 
Construction techniques as well as design considerations were discussed. 
What is of interest, however, was the emphasis on the time-dependent re-
distributi.on of longitudinal bending moments due to the ti.me-dependent 
properties of concrete and steel, as a design consideration. A report by 
Lacey and Breen (38) sumnarized the state of the art of prestressed segmental 
long-span bridges as of 1969, and in a further report by Ballinger et al. 
(5) a state of the art survey covering segmental prestressed concrete bridges 
actually constructed in Western Europe, was given. The latter report 
covered design and construction practices up to the year 1977. 
In his book on the limit state design of prestressed concrete 
structures, Guyon (25) described and discussed the design considerations 
involved in the design of cantilevered pres~ressed concrete bridges built in 
segments. A design example was given. 
Th.e long-time behavior of four prestressed concrete bridges, built 
by tne cantilever method in conjunction with a cast-in-situ technique, 
was studied by Keijer (34). For all these bridges, adjacent cantilevers 
were connected at midspan by means of hinges. Comparison of the results of 
an extensive parametric study with measurements of the vertical deflections 
of tnese structures yielded the following conclusion: Concrete creep had a 
dominati·ng influence on the deformations of this type of bridge. Conse-
quently the creep coefficient as well as the functional form expressing the 
creep-time relationship was of prime importance in predicting the long-time 
4 
defomations. A logarithmic creep-time relations.hip yielded satis.factory 
agreement between the calculated and the obs.erved deflections ... 
Meas.urements of creep and sh.rinkage strains as well as deflections. 
were made on a large number of prestressed concrete bridges in Japan C.37). 
The structures thus studied .included several bridges built by the cantilever 
method. These results were used to derive the final value of shrinkage 
strain as well as the value of the creep coefficient. 
The shrinkage and creep strains of a prestressed concrete cantilever 
bridge over the Dise River, in France, was studied by Belmain and 
Le Bourdelles (7). According to Danon (12) that work was primarily aimed at 
assessing the accuracy of the reconmendations of the C.E.B ... (J.T) and the French 
Code in predicting creep and shrinkage. 
Ghali et ale (2l) presented a step-by-step procedure to calculate 
prestress loss and deformations in multistage prestressed members. The 
procedure accounted for the effect of elastic and creep recoveries. on the 
prestress loss, as well as the reduction of intrinsic relaxation of the 
prestressi.ng steel reinforcement due. to varying strain. It was, furthermore, 
incorporated in a computer program (20}. 
A comprehensive research program aimed at studying various topics 
related to segmentally erected precast prestressed concrete box girder 
bridges was conducted at the University of Texas at Austin (9,10,33,38, 
39). During the course of that work a state of the art survey was published, 
criteria for design procedures were developed and optimization of the cross-
secti.on was studied, a computer program that incorporated an incremental 
analys.is procedure used in conjunction with the Finite Segment Method was 
developed, a scale model of the Corpus Chri.stie Bridge was built and 
tested, and various construction problems associated with these bridges were 
i.nvestigated. In that work, however, the time-dependent beh.avior of this 
type of s.tructure was not studied. 
An in-depth study of the various parameters that affect the time-
dependent b.ehavior of prestressed concrete bridges built by the cantilever 
method was conducted by Danon and Gamble (12). That study dealt only with 
the structural behavior of the cantilevers, which make up this type of 
5 
structure, up to the stage just prior to th.e connection of adjacent canti-
levers. During the course of that work a computer program capable of 
predicting the time-dependent stresses, strains, loss of prestress and 
deflections of a segmentally constructed prestressed cantilever bridge was 
developed. The creep hehavior of concrete subjected to a varying state of 
stress was predicted both by the method of superposition as well as the rate 
of creep method. The present investigati,on was basically a continuation of 
that work. 
A computer program capahle of analyzing curved segmentally erected 
concrete box girder bridges, was developed by van Zyl (58). In that work 
the time-dependent properties of ton crete and steel were accounted for. 
The creep function was expressed as a Diri.chlet series, a form which 
greatly reduces the bookkeeping effort necessary, when applying the method 
of superposition to the predictton of concrete creep in an environment 
where the concrete s tress continually varies. The s t i ffness method was used, 
in conjunction with skew-ended fini'te elements with eight degrees of 
freedom at each of the two end nodes, to perform tne structural analysis. 
A wide range of operations normally encountered in the construction of 
segmentally erected prestressed concrete bridges were accounted for in the 
analytical procedure. 
A procedure for the analysis of time-dependent effects in pre-
stressed concrete structures constructed in stages was developed and imple-
mented in a computer program by Khali.l (36). Special attention was paid 
to the analysis of prestressed concrete cable-stayed systems. The creep 
response of concrete was divided into a recoverable component and an ir-
recoverable component. Non-linear shrinkage strain distributions across 
the depth of a member were accounted for. Structural concrete members with 
up to three different concrete layers, each having different time-dependent 
properties, were incl uded. Th.e overall structural analysis was performed on 
the basis of the stiffness method used in conjunction with the tangent 
stiffness method to account for geometric non-linearities. 
6 
It shoul d be noted that none of tne 1 ast three references. mentioned 
above presented extensive comparisons. of generated data wi.th expertmental 
data, for tne particular case of the. ttme.-dependent b.eh.avi.or of s.egmenta11y 
constructed prestressed concrete bridges. 
1.3 Object and Scope 
The prime objective of thi.s study is. to provide a further i.nsight 
into the time-dependent behavior of s:egmental post-tensioned hox. girder 
bridges buil t by the cantil ever method. The investi.gati'on is. speci fica 11y 
aimed at those bridges where. s:egments are precast and adjace.nt cantilevers 
are made continuous hy 'means of cast in-si.tu closure segme.nts together with. 
the provision of suitable conti.nuity prestressi.ng tendons. 
The scope of the tnvesttgation may he di.vided i.nto two parts: 
1. The development of a rational analyti.cal procedure, suitable for 
computer programming, for the purpose of predicting the time-· 
dependent behavior of continuous segmental post-te.nsi.oned bri.dges 
b.uilt by the canti 1 ever method. 
2. A comparison of measured deformations of the Kishwaukee Ri.ver 
Bridge with analytically obtained results. The analytically obtained 
prestress ing force, concrete s tresses and bendi ng moments. are a 1 so 
discussed. 
The analytical procedure for estimating the time-dependent behavior 
of segmental prestressed concrete bridges is based on a step-by-step 
numeri ca 1 procedure whi cn attempts to account for most of th.e important 
parameters that infl uence th.e time·-depe.ndent beh.avi or of these structures. 
The construction history of the structure is also accounted for as accurately 
as possible by the analytical procedure. This procedure was incorporated in 
a computer program. 
A procedure for estimating the creep of concrete subjected to a 
varying s.tate of stress is introduced. Ttlis procedure is intended pri.marily 
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for use when a limited numbe.r of experi.me.ntally determined speci.fic creep 
curves are available, and is 5ased on b.oth the rate of creep method and the 
method of superposition. The method of superposition is used to predict the 
creep of concrete subjected to a varying state of stress when the concrete 
material properties are obtained by following the recommendations of the 
C.E.B.. (ll}. 
In order to gauge the effectiveness of the analytical proce.dure 
introduced herein, the Kishwaukee R;,ver Bridge was analyzed and tEte results 
compared wi th measured deformati ons of th.e actual structure. The structure 
was analyzed using material properties for concrete as experimentally ob-
tained from outdoor stored and laboratory store.d specimens as well as 
those prescrtbed by the C.E..B.(ll}. Th.e prestressing force, concrete stresses 
and bending moments obtained from these analyses are presented and dis-
cussed so that some of th.e characteristics of the time-depende.nt beh.avtor 
of the structure considered here;'n may be illustrated. 
Finally, the effects on the time-dependent behavior of the 
Kishwaukee River Bridge of actual loads applied during the construction of 
the structure are investigated. 
This work was completed as part of the Illinois Cooperative Highway 
Research Program, Project IHR-307, "Time-Dependent Behavior of Segmental 
Cantilever Concrete Bridges,1i by the Department of Civil Engineering, in the 
Engineering Experiment Station, University of Illinois at Urbana-Champaign. 
This report was prepared by the University for the Portland Cement Associa-
tion, and the work was sponsored by the Illinois Department of Transporation 
in cooperation with the Federal Highway Administration. 
The contents of this report reflect the views of the authors who are 
responsible for the facts that the accuracy of the data presented herein. 
The contents do not necessarily reflect the official views or policies of 
the Illinois D"epartment of Transportation or the Federal Highway Administra-
tion. This report does not constitute a standard, specification, or regulation. 
2. BASIC MATERIAL PROPERTIES 
2.1 Introduction 
Any successful structural analysis basically involves the 
,simultaneous satisfaction of the following three requirements: 
a) Equations of equilibrium, 
b) Compatibility relations and 
c) Constitutive relations. 
The equations of equilibrium and the compatibility relations do not 
involve the material properties. The cons·titutive relations, on the 
other hand, relate the stresses to strains and are consequently dependent on 
the material properties. In addition to exhibiting an instantaneous 
elastic response to applied stress within the working stress range, the 
material behavior of concrete is also strongly time dependent. Thus, for 
the overall structural analysis to be successful it is essential that the 
rheological properties of concrete and steel be estimated reasonably 
accurately. 
The purpose of this section is to present some of the more 
important factors that influence the time-dependent behavior of the 
concrete and steel, as well as the procedures used in this study to predict 
this behavior. It should be emphasized that this description is very brief 
and that comprehensive reviews of the theories of creep and shrinkage 
exist in the literature (45,50). 
2.2 Creep and Shrinkage of Concrete 
2.2.1 General· 
When a concrete specimen is subjected to a sustained stress, the 
resulting strain can be divided into the following three components: 
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a) Instantaneous E1 ast i.c Strain: As, the stress i.s applied to 
the concrete an instantaneous elastic strain will take place. In this case 
the applied stress is li:nearly related to the resulting strain by Young's 
Modul us .. 
(2. 1 ) 
where: fc = applied stress, 
£ = s.train and 
Ec = Young's Modulus for concrete. 
b) Shrinkage Strain: In the absence of temperature variations, 
shrinkage will be considered as tnat part of tne time-dependent strain that 
is stress independent. 
c) Creep Strain: Creep strain will be considered as that part of 
the time-dependent strain that is dependent on the applied stress. 
Specific creep is defined as th.e creep due to a unit applied stress. 
The definitions of shrinkage and creep given above imply that they 
are add i t ive wh.en they occur s imu 1 taneous ly. Thus, the ass umpt i on made here 
is that shrinkage and creep of concrete are two independent phenomena. 
Thi s, however, is not corre,ct because they are known to be dependent on 
each other, the effect of shrinkage on creep being to increase the magnitude 
of the latter (50). The above approach, however, has proved to be quite 
satisfactory in the treatment of most practical applications where creep and 
shrinkage occur simultaneously. It also has the advantage of simplicity_ 
2.2.2 Factors that InflUence Shrinkage and Creep 
In order to facilitate the understanding of the time-dependent 
behavtor' of a prestressed concrete structure it is necessary to have some 
understanding of the more important factors that influence the shrinkage 
and creep behavior of concrete. Neville (50) groups these factors into two 
broad categories: Intrinsic factors which deal with the actual composition 
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of the concrete as well as the influence of stress, and envi.ronmental 
factors which account for the state of th.e environment to which the concrete 
is exposed. A number of these factors are discussed in the following 
paragraphs. 
1. Influence of the fineness of the cement: Tests conducted by 
Davis et ala (14) indi.cate that for normal portland cement, finer cement 
.led to greater values of creep but for low heat portland cement the reverse 
was true. Furthermore, creep and shrinkage tests on 1:3 concrete with 
portl and cements of differing fineness demonstrated that the finer cement 
was associated with increased creep and shrinkage strains only at an early 
age (8). At greater ages the sh.rinkage and creep strains tended to 
approximately the same values. In the light of these tests it would seem 
that it is not entirely correct to associate very fine cement with increased 
creep. 
2. Influence of air entrainment and admixtures: It appears that 
air entrainment generally tends to increase creep, but in the normal 
practical range (i.e. air contents below 5 to 6 percent) this influence is 
of no importance. Shrinkage seems to be essentially unaffected by air 
entrainment. It is possible that a SUbstantial increase in creep may 
result when admixtures are used with normal weight aggregate concrete. Data, 
however, on the influence of admixtures on creep are limited (50). 
3. Influence of aggregate: The aggregate content as well as the 
mineralogical character of the aggregate each have an influence on creep and 
shrinkage. As the seat of creep is found to be in the cement paste, the 
effect of the aggregate is to restrain the deformation of the surrounding 
paste due to shrinkage and creep. Thus, an increase in the aggregate-
cement ratio of the concrete wilT lead to greater restraint against deforma-
tion of the paste and subsequently lead to lower values of creep and 
shrinkage. Mineralogically, it appears that the modulus of elasticity and 
the porosity of the aggregate are the most important factors that 
influence creep and shrinkage. Aggregates th.at have high.er values for the 
modulus of elasticity are able to offer greater restraint to potential creep 
and shrinkage of the paste. It is possible that an increase of aggregate 
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porosity can facilitate transfer of moisture within the concrete so that 
aggregates with. higher porosity are associated with greater creep and 
shrinkage. It sh.ould be noted that aggregates with greater porosity tend 
to have a lower modulus of e1astici:ty, thus providing less mechanical 
resistance to creep and. shrinkage of the paste (44,50,57). 
4. Influence of the water-cement ratio: Experimental evidence 
indicates that specific creep as well as shrinkage are both. increased as 
the water-cement ratio of tne concrete is increased (50,5~57). The water 
content of a mix is controlled by the water-cement ratio and the aggregate-
cement ratio. Of the two, it appears that the water-cement ratio has the 
stronger influence on creep (49}.· 
5. Influence of the size and shape of the specimen: As far as 
creep is concerned, it is most probably only drying creep that i.s affected 
by a variation of the size and shape of the specimen because basic creep 
remains unaffected by loss of moisture from the concrete and, as such, is 
independent of the size and sh.ape of the ·specimen. The vol ume. to surface 
ratio can be used as a general parameter to describe the influence of the 
size and shape of the specimen on creep and shrinkage. Creep and shrinkage 
reduce with an increase i.n the volume/surface ratio, i.e. as the specimen 
becomes larger, with creep approaching the value of basic creep for very 
large specimens. After a period of several weeks after application of the 
load the rate of creep is the same for specimens of all sizes, so that it 
appears as if the size and shape of the specimen has its greatest effect for 
a relatively short period of time immediately following application of the 
load. Shri.nkage is affected to a greater extent than creep by the size and 
shape of the specimen. Furthermore, the shape of the specimen only has a 
secondary effect on creep and' shrinkage (26,49,51). Anderson et al. (4) 
reported that the generally accepted concepts of the influence of the size 
and shape of a 'member on shrinkage should be appl ied to very thi.n memb.ers 
with caution. Very thin members dry out rapidly and consequently exhibit 
hi.gh initial rates of shrinkage. This drying process may be so complete 
that the hydration process, which accounts for continued shrinkage in 
larger specimens, is severely hampered or even halted. The net result is 
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that the ultimate shrinkage which might be expected to develop in these 
very thin members cannot be attained. 
6. Influence of the magnitude of the applied stress: Even though 
it has been well established that creep is linearly related to the applied 
stress, there exists some confusion as to the exact value of the upper 
limit of proportionality. Values of this limit in the range of 30 to 75 
percent of the concrete strength have been proposed. Because severe micro-
cracking at the aggregate-paste interface occurs beyond 40 to 60 percent 
of the concrete strength it seems reasonable to assume that the non-
linear behavior of creep is due to the onset of microcracking. For most 
practical structures, creep may be considered to be linearly related to 
stress within the working stress range (1,49). It is of interest to note 
that the creep behavior of concrete subjected to a tensile stress is about 
th.e same as compressive creep (49). 
7. Influence of the age at loading: Evidently the age at which the 
concrete is loaded has an important influence on the magnitude of creep. 
The effect is to increase creep with smaller ages at loading. For the first 
few weeks under load the rate of creep is much greater for concretes loaded 
at an early age than for older concretes. At later ages the rate of creep 
is apparently independent of the age at loading. The manner in which the age 
at loading influences creep seems to be related to the manner in which it 
affects the development of strength and the degree of hydration. For these 
very reasons, maturity has been found to correlate well with creep. FUrther-
more, creep becomes more or less independent of the age at loading when 
conditions are such that the degree of hydration remains constant (49,50,51). 
8. Influence of temperature: Tests by England and Ross (17) 
indicated that the creep of sealed and unsealed specimens was greatly 
increased as the concrete temperature was increased. In the range of 
68-l40oF (20-60oC) the effect of temperature on creep was greater than in the 
range of 2l2-284oF (lOO-1400C). Both the sealed and unsealed specimens be-
haved similarly. Shrinkage was also found to increase with an increase in 
temperature. 
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The general pattern of behavior of specimens stored at different 
temperatures has been found to be the same (48). Furthermore, the 
relationship between creep and the stress-strength ratio appears to remain 
1 i near at elevated temperatures up to at 1 east 205°F (960C). It sh.oul d be 
noted that these observations were made on specimens that simulate mass 
concrete conditions, so that only basic creep is under consideration here. 
Creep is apparently not a monotonic function of temperature and 
passes a maximum in the vicinity of 160°F (71°C). It should be mentioned 
that specimens that are heated just before loading are more severely 
affected by the influence of temperature than specimens that are kept at 
sustained elevated temperatures for their whole life. When concrete is 
pre-dr ied, temperatu re has a 1 ess important i nfl uence on creep (" 50) . 
9. Influence of relative humidity: The effect of relative 
humidity on creep and shrinkage is to increase the magnitude of these 
phenomena as the relative humidity decreases. As far as creep is concerned 
it should be noted that relative humidity per se is not the influencing 
factor, but rather the process of drying while under load. This is con-
firmed by the fact that creep is not affected by relative humidity if the 
concrete has already reached hygral equilibrium before loading and, further-
more, that creep is dependent on relative humidity when drying occurs while 
the concrete is loaded. When concrete is drying under load, the ultimate 
creep as well as the rate of creep will be higher than concrete that remains 
either wet or dry (49,50). Under conditions where the relative humidity 
alternates, creep and shrinkage are not similarly influenced. The shrinkage 
of concrete subjected to changes of relative humidity may be less than that 
associated with the average value of relative humidity (18). Furthermore, 
it appears that the reversible moisture movement in concrete subjected to 
an increase in relative humidity after a period of drying is not associated 
with an increase in the final value of shrinkage (45). Creep, on the other 
hand, is increased when the concrete is subjected to an environment where the 
relative humidity varies. This increase takes place when moisture is either 
lost or gained (3,49,50). 
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2.2.3 Prediction of Creep and Shrinkage 
As previously mentioned, an essential requirement for a successful 
structural analysis involves an accurate assessment of the material 
properties. It therefore becomes necessary to'determine the creep and 
shrinkage properties of the ·concrete either by conducting actual creep 
and shrinkage tests (55), or by predicting these properties by making use of 
some reliable procedure developed for this purpose. 
In the development of procedures for the prediction of creep and 
shrinkage it appears as if there exist two approaches to the solution of 
this problem. The first approach has been to define the creep and 
shrinkage in terms of a number of multiplying factors where each of these 
factors represents the influence on creep and shrinkage of a specific 
intrinsic or environmental . factor relative to some chosen reference state. 
It should be noted that in these procedures these factors have generally 
been assumed to be independent of each other. Examples of this type of pro-
cedure may be found in References (2), (11), (40) and (50). The other 
approach has been to make use of rheological models. In some cases the 
elements included in these models attempt to model the time-dependent 
behavior of specific components of the concrete. In other cases the rheo-
logical elements included in these models simply serve as a vehicle to pre-
dict the overall time-dependent behavior of the concrete with no attempt 
being made to relate them to any particular physical process. Examples of 
these rheological model-,s may be found in Reference (50). 
Since the former approach tends to relate creep and shrinkage to 
variables that are more convenient to use from an engineering point of 
view, an example of the first approach was used. Specifically, the pro-
cedure outlined by the C.E.B. (11) has been used. In what follows the 
details of this procedure are given. 
2.2.3.1 Prediction of Creep According to the C.E.B. Recomme.ndations 
The procedure recommended by the C. E. B. (11) for th.e predict i on of 
creep is based on linear creep theory which leads to the conclusion that for 
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a given concrete under constant envi.ronmental conditions and subjected to a 
constant sustained load, the creep strain is linearly related to the 
instantaneous elastic strain. Th.is assumption is generally true for the 
range of stress levels encountered in most structures at working conditions. 
Thus, the following expression is given for creep strai.n: 
(2.2) 
where: = constant sustained concrete stress, 
= secant modulus. of elasticity of the concrete at 
28 days and 
~t = creep coefficient. 
The tangent modulus of elasticity for normal aggregate concretes 
at any time, may be calculated as follows: 
(2.3) 
with: Ec(t) and f~(t) both in N/cm2 
or (204) 
with: Ec(t) and f~(t) b~th in psi. 
where: f~(t) is the cylinde~ compressive strength at time t. Th.e ratio 
of compress i ve strength at an age of t days. to the 28 day com-
pressive strength, as recommended by the C.E.B. for normal 
aggre~ate concrete, is presented graphically in Figure 2.1. 
The s.ecant modulus. of e?lasticity ts taken as being 90 percent of 
the tangent modulus of elasticity. 
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The creep coeffi cfent refl ects the qua 1 i ty of the concrete as well 
as the envisaged working conditions. I.t is given as the product of five 
partial coefficients: 
(2.51 
Each of these coefficients is presented in the form of a graph.. 
Kc: Kc depends on the re.l at ive humid i ty and ;s thus a refl ect ion 
of the environment. CSe.e Figure 2.2) 
Kd: Kd reflects the degree of hardening of the concrete at first 
loading. The graph can. beus.ed to detennine Kd as a function 
of age at loading, if the concrete hardens at an average 
concrete temperature of 20°C and also if sufficient protection 
against excessive loss of moisture has been provided. If 
harden ing takes pl ace at a temperature other th.an 200 C the 
corresponding degree of hardening may be used to determine 
Kd. (See Fi gure 2.3) Tn.e degree of harden i ng is ca 1 cu 1 ated 
from: 
(2.6) 
where: 0 = degree of hardening 
~t = number of days during which hardening has 
taken place at TOC. 
Kb= Kb expresses the dependence of creep on the composition of 
the concrete mix and is given as a function of the water/ 
cement ratio as well as the cement content. (See Fi.gure 2.4) 
Ke: The dependence of creep on member size is given by th.e factor 
Keo It is expressed as a function of the theoreti.cal thick-
ness, where the theoretical thickness, given by twice the 
ratio of the cross-sectional area to the perimeter exposed to 
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the atmos.phere., in turn describ.es the member si.ze and shape. 
(See Fi.gure 2.5} 
Kt : Kt describes the tiJne.-dependence of creep. The effect of 
member size on tn.e rate of creep is ref1 ected here by pre-
senting Kt as a function of the theoretical thickness as 
well as time. (See Figu~e 2.6} 
2.2.3.2 Prediction of Shrinkage According to the C.E.B. 
Recommendattons 
As for the case of cre.ep, the shrinkage of concrete at constant 
environmental conditions is expre.ssed by the C.E.B. as the product of fi.ve 
multiplying factors, thus: 
(2.7) 
Kb and Kt are ta ken to be the same as for creep. It is, however, 
important to realize that in the evaluation of Kt for shrinkage, the time 
is considered to be the elapsed time since the end of curing. 
K • p. 
This is the basic shrinkage strain and is given as a function 
of relative humidity. (See Figure 2.7) 
This factor reflects the dependence of shrinkage on the 
theoretical thickness of the member. (See Figure 2.8) 
Kp takes account of the restraining effect of the longitudianl 
steel reinforcem~nt on the shrinkage strain. It ts given by 
the following expression: 
K 100 
p = 1-00 + np 
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where: n = 20 with- regard to creep and 
p = percentage longitudinal steel. 
It is of some importance to note here that these expressions for 
creep and shrinkage apply to environments where the temperature as well as 
relative humidity remain constant. Under field conditions, however, these 
conditions are obviously not met, so that it becomes important to use 
values of relative humidity, for the evaluation ofKc and EC ' which will 
somehow reflect the influence of the, variable environmental conditions on 
creep and shrinkage. This problem was address.ed by Mossiossian and Gamble 
(45), who were led to the conclusion that the C.E.B. could yield a 
reasonable estimate of creep and shrinkage in the field. For field stored 
specimens, the upper and lower bounds of creep could be estimated by using 
the minimum monthly average and the annual average values of the relative 
humidity in the field. Shrinkage could be estimated by using the average 
annual relati,ve humidity in the field. For shrinkage it must be realized 
tnat seasonal fluctuations, actually encountered in the field, cannot be 
predicted by the C.E.B. procedure. Hernandez and Gamble (28} pursued this 
matter further and established that for structures in the Midwest, the 
expected creep and shrinkage in the field could be estimated rather well by 
using a combination of creep at 50 percent relative humidity and shrinkage 
at 80 percent relative humidity in conjunction with the C.E.B. procedure. 
Compari.sons of creep and shrinkage data generated by the above approach with 
data obtained from specimens stored outdoors in Skokie, Ill. are made in 
Figures 2.9 and 2.10. The agreements are better for creep than for shrink-
age, and the great importance of the variable environment on the shrinkage 
is readily apparent. 
2.3 Relaxation of 'Steel 
Initi.ally, prestressing steel responds to an imposed strain as a 
linearly elastic material. However, i,f this strai,n level is mai,ntained at 
a constant value a time-dependent loss of stress will occur. This 
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phenomenon is defined as relaxation. Re.laxation and creep are intimately 
re 1 ated to th.e ex tent that they may' be -regarded as tw.o consequen~es 
of th.e same phenomenon under different conditfons. Even th.ough the pre-
stress-ing reinforcement fn a prestres.sed concrete beam is subj ected to a 
continuously changing state of.strain, ft has- generally been acknowledged 
th.at these conditions approach the conditions to be found in a relaxation 
test rather than those to he found in a cre.ep test. The rati"o of initial· 
stress to yield stress, the type of steel, temperature, and time each appear 
to have a major effect on the magnitude. of tne relaxation loss to be 
expected. 
The expression developed by Magura, Sozen and Siess (42) may be 
used to determine the loss of prestressing force due to relaxation. This 
expression is based on data th.at ortginated from a collection of 501 
relaxation tests on cold-drawn wire. It is gtven by: 
= 
- "5 t ( ;; i - O. 55) (2.8) 
where: fs(t} = steel stress at time t, 
fsi = initial steel stress immediately after stressing, 
fy = yield stress of steel, measured at an offset 
strain of 0.001, 
t = time, in hours, after stressing and 
log t = logar.ithm of time to the base 10. 
In the development pf this expression the ratio of initial stress 
to yield stress was of prime i.mportance. It may also be seen that this 
expression o~viously only applies to initial stress/yield stress ratios 
larger than 0.55, which is reasonable, because below this value the ex-
pected relaxation loss is very small and of negligible importance i·n the 
practical sense. The effect of th.e type of steel was not explicitly 
accounted for i.n this expression. It was, however, argued by the auth.ors. 
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that part of this effect was i.mplici.t in the effect of the initial stress/ 
yield stress ratio. The temperature was excluded as a parameter because for 
temperature variations encountered under normal working conditions this 
parameter is of minor importance.. It shou1 d 5e pOinted out that if th.e 
temperature variations are large, the effect on relaxation may be of signi-
ficant proportions. 
For th.e case that the prestressing strand exhi"bits an exceptionally 
low relaxation loss, Eq. 2.8 will tend to overestimate this loss. It has 
been found C12,18} that for such. cases the relaxation losses may 
successfully be estimated oy modiJytng Eq. 2.8 as follows: 
~ ~ 09 t ( ; s i _ O. 5 ~ 
Y 
(2.9 ) 
where: c = relaxation constant, to be experimentally determined. 
Because Dywidag bars, the prestressing reinforcement used in the 
structure under consideration tn this investigation, exhibit rather low 
.re1axation losses, the approach outlined above was followed. By sui"tably 
adjusti"ng the value of th.e relaxation constant, Eq. 2.9 could be fitted 
to available experimental data (52). It was found that for c = 36, Eq. 
2.9 would closely estimate the relaxation losses to be expected for a 
Dywidag bar. (See Figure 2.11) It should be noted that this value applies 
to the case where fSi/fy = 0.875. The appropriate value for the relaxation 
constant was found to be c = 56 for fSi/fy = 0.75. It would thus appear 
that the relaxation constant, as .defined above, is dependent on the initial 
stress/yield stress ratio in the case of Dywidag bars. The value of 
c = 36 was used in conjunction with Eq. 2.9 throughout this study because 
the bars were initially stressed to a level where fSi/fy = 0.91, in the 
structure that was investigated. 
3. ANALYTICAL CONSIDERATIONS 
3.1 Introduction 
During the lifetime of a prestressed concrete structure the pre-
stressing force continually varies due to the combined effects of creep and 
shri~kage of the concrete as well as relaxation of the steel. As a result, 
the concrete stress and steel strain may be expected to vary continually 
in such members. It therefore becomes necessary to devise procedures 
whereby creep, under a variable state of stress, and relaxation, under a 
variable state of strain, may be predicted from creep and relaxation versus 
time relationships that apply to constant states of stress and strain, 
respectively. 
Any analytical procedure aimed at predicting the time-dependent 
behavior of segmentally constructed prestressed concrete bridges must be 
able to account for the time-dependent nature of the construction procedure 
involved in the erection of such structures. Furthermore, the analysis 
must take the effects of the complex interaction of creep, shrinkage and 
relaxation on the time-dependent behavior of the structure into account. 
The purpose of this chapter is to present some of the more 
important procedures available, as well as the actual procedures used in 
this study for the prediction of creep of concrete and relaxation of steel 
under variable states of stress and strain, respectively. A step-by-step 
numerical procedure for the prediction of the time-dependent behavior of a 
segmentally constructed prestressed concrete bridge is also introduced. 
This numerical procedure is suited to computer programming. 
3.2 Creep of Concrete in a Variable Stress Environment 
In the situation where the sustained concrete stress varies with 
time, there are three generally accepted basic methods of predicting the 
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creep strain of concrete (43,45, 50, 53): 
a) The effective modulus method, 
b) The rate of creep method and 
c) The method of superposition. 
Each of these procedures attempts to predict the creep behavior of 
concrete subjected to a sustained stress t~at varies in magnitude, by making 
use of creep curves that apply to concrete subjected to a constant sus-
tained stress. 
3.2.1 Effective Modulus Method 
By the effective modulus method the normal procedures of 
structural mechanics are employed in the analysis of the structure, the 
only difference being that the conventional modulus of elasticity of the 
concrete is replaced by an effective modulus that allows for both elastic 
and creep strains. This reduced effective modulus is thus given by: 
(3.1) 
where: E~(t) = effective modulus of the concrete at time t, 
E = instantaneous elastic strain due to a unit stress and 
Cl(t) = specific creep at time t. 
When the concrete is subjected to severe stress variations this 
method breaks down because it is theoretically unsound. It always predicts 
complete recovery of strain when the concrete stress is reduced to zero and, 
moreover, completely ignores the stress history of the concrete. In 
situations where the concrete stress is continually being reduced, this 
method tends to underestimate the long-time strain (53). The advantage 
of this procedure primarily lies in its simplicity. 
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3.2.2 Rate of Creep Method 
The rate of creep method has as its foundation the assumption that 
the rate of specific creep, given by dCl(t)/dt, is independent of the 
previous stress history of the concrete. Once this assumption has been 
accepted, the rate of creep at any time may be written as: 
(3.2) 
where: Ecr(t) = total creep strain as a function of time, 
Cl (t) = specific creep for concrete loaded at time t" as a 
function of time and 
fc(t) = concrete stress as a function of time. 
Furthermore, fc(t) and dCl(t)/dt are independent variables, due to the 
assumption made above. 
Thus, the total creep strain that takes place during the time 
interval tl to t may be determined by integrating Eq. 3.2 with respect 
to time: 
dCl (t) 
dt dt (3.3) 
The procedure may be.graphically illustrated as follows: Consider 
a concrete specimen subjected to the stress history given in Figure 3.1a. 
The specific c~eep curve for the concrete, initially loaded at age tl ;s 
given in Figure 3.lb. The creep and elastic response of the concrete to 
the applied stress are calculated as follows (see Figure 3.lc): 
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1. At time tl the instantaneous elastic strain is given by 
fl/Ec· 
2. The creep strain during the time interval tl to t2 is given 
by the product flCl(t). 
3. At time t2 the instantaneous elastic recovery due to the 
abrupt change in stress from fl to f2 is given by (fl -f2)/Ec. 
4. The subsequent change in creep strain beyond time t2 is 
obtained by the product of the change in the specific creep 
strain beyond t 2, and f 2. 
The stress history is, in a sense, ignored by this method, when the 
assumption that the rate of specific creep is independent of previous stress 
history, is made. This, of course, implies that only one specific creep 
curve, corresponding to the age at first loading, is used to predict the 
creep strain over the entire life of the concrete. The basis of this 
assumption apparently stems from the experimental observation that for con-
crete initially loaded at ages greater than approximately 28 days, the rate 
of creep is independent of the age of loading (50). For the particular 
case in which concrete initially loaded at an early age is subjected to a 
severe change of stress at an advanced age, the change of creep predicted 
by rate of creep method will be less than actually observed (18). This is 
apparently due to the fact that at this advanced age the rate of specific 
creep, obtained by making use of the specific creep curve corresponding to 
the age at first loading, is very small relative to the rate of specific creep 
that would be predicted by the specific creep curve corresponding to the 
age at which the severe change of stress actually takes place. Furthermore, 
when the concrete stress is removed the product fc(t) I dC,(t)/dt] reduces 
to zero, so that Eq. 3.3 does not predict any creep recovery. This is 
contrary to the observed behavior of concrete (53). In the light of these 
observations it appears that the rate of creep method will overestimate 
creep of concrete in an environment where the stress decreases and vice 
versa (53). However, when stress changes are small the method seems to 
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predict the creep behavior of concrete quite accurately. It is only in 
instances of severe stress variations, especially when these variations take 
place at later concrete ages, where the method tends to break down (12, 
18,45). 
One of the more important applications of the rate of creep method 
to the prediction of creep under variable stress was the development of 
the Dischinger differential equation (45). Derivations of this equation 
may be found in Refs. (40) and (50). The application of the Dischinger 
equation to the calculation of creep and shrinkage losses in prestressed 
concrete members was comprehensively covered by Leonhardt (40). 
3.2.3 The Method of Superposition 
This method is based on McHenryls hypothesis (43) which states that 
the creep strain produced in concrete at time t by a particular stress 
change is independent of the effects of any other stress changes applied 
prior to time t. This is not a pure application of the principle of super-
position but rather a modified version because allowance is made for the 
change in the creep properties of the concrete under later increments of 
stress. It is furthermore assumed that concrete creep is the same in 
tension as in compression so that the time-dependent relation between creep 
strain and concrete stress may be written thus: 
n 
+ L ~f(t.) C.(t) 
. 2 1 1 1= 
(3.4) 
where: f1 = initial stress in the concrete at the time of 
first loading, t, , 
C,(t) = specific creep at time t for concrete loaded at 
age tl ' 
~f(ti) = stress increments or decrements applied at time 
tl < ti < t and 
Ci(t) = specific creep at time t, for concrete loaded at 
age ti > t l · 
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The procedure may be graphically illustrated as follows: Consider 
a concrete specimen subjected to the stress history given in Figure 3.2a. 
The specific creep curves for concrete initially loaded at ages tl and t2 
are given in Figure 3.2b by Cl(t) and C2(t), respectively. According to the 
method of superposition the creep and elastic strains are calculated as 
follows (see Figure 3.2c): 
1. At time tl the instantaneous elastic strain is given by 
fl/Ec· 
2. The creep strain during the time interval tl to t2 is given 
by flCl(t). 
3. At time t2 the instantaneous elastic recovery due to the 
abrupt change in stress from fl to f2 is given by (fl -f2)/Ec . 
4. The subsequent strain is computed by considering the stress 
change as a load applied to the concrete at age t 2. The 
creep strain due to the stress change is thus computed by 
using the specific creep curve C2(t). The strain beyond 
t2 is calculated by adding the instantaneous elastic and 
creep strains due to (fl -f2) to the instantaneous elastic 
and creep strains due to fl. Due respect is paid to the 
signs of the stresses and resulting strains. 
Even though Eq. 3.4, strictly speaking, only applies to the case 
where the stress varies in a step-wise manner, continuously varying stress 
histories may be approximated by dividing the stress into a series of 
increments that are constant over small time intervals. 
This method is superior to the two previously mentioned methods. 
It predicts creep recovery upon removal of load and, furthermore, accounts 
for the entire stress history of the concrete. On the other hand, this 
method presents some practical drawbacks. In the first place, a specific 
creep curve is required for each stress change to which the concrete is 
subjected, so that for most practical problems the experimental work involved 
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may become prohibitive. Secondly, the fact that a record of the stress 
history must be kept may lead to considerable numerical effort for the 
solution of any practical problem. 
The creep recovery associated with a decrease in concrete stress, 
as predicted by the met.hod of s uperpos i ti on, is the same as the creep due 
to a stress of magnitude equal to the stress change applied at the time at 
which the stress change occurred. There is, however, substantial experi-
mental evidence that the actual creep recovery in such a case would be 
slightly less than that predicted by the method of superposition (13,45,50). 
This observation thus leads to the conclusion that in a situation where the 
stress conti nua lly decreases the ·creep stra in wi 11 be underest imated by the 
method of superposition, and the creep strain will be overestimated if the 
stress continually increases. This trend is confirmed, amongst others, by 
the results of the tests done by Ross (53). 
One approach to the solution of this problem has been to divide 
creep into recoverable and irrecoverable components (31,36). Even though 
this approach will model the creep response of a plain concrete specimen 
subjected to a variable stress state slightly more accurately than the 
method of superposition, there are some difficulties in its application to 
the estimation of the creep behavior of structural members. For example, 
when a prestressed concrete beam is subjected to a change in sustained 
moment the fibers on one side of the centroid of the section will be loaded 
while the fibers on the other side will be unloaded. If creep is considered 
to be divided into recoverable and irrecoverable components, these fibers 
will now creep at different rates so that the strain distribution through 
the depth of the section will no longer be linearly distributed. This is 
a direct violation of the assumption made in beam theory that plane sections 
remain plane. Thus, the assumption, implicit in the method of superposition, 
that creep and creep recovery are equal is necessary in order to satisfy 
the assumptions made in Bernoulli-Euler beam theory. 
Dilger et ale (15) accounted for the difference in creep and creep 
recovery in the application of the method of superposition to the predic-
tion of the creep of prestressed concrete beams. The specific creep recovery 
T7--:-.·::,~P_ 
.. ~ . .:.~-.~ ' .. .;..,..- ,". ~-
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was estimated by multiplying the specific creep by a reduction factor R, 
defined as the ratio of specific creep recovery to specific creep. For the 
particular case of a beam subjected to a change in moment, an average reduc-
tion factor (1+R)/2 was applied to both specifit creep and specific creep 
recovery_ The reason for this was to ensure that all the fibers through the 
section would creep at the same rate so that the assumptions of beam theory 
could be satisfied. 
The method of superposition was used as the basis for the derivation 
of the Trost relaxation coefficient method, for the direct calculation of 
strain under a varying stress. A detailed derivation and discussion of 
this procedure was given by Neville (50). The effect of aging of the 
concrete on the final values of creep for stress changes applied after 
initial loading is accounted for by the relaxation coefficient. Bazant (6) 
extended the method to include the effect of the variation of the modulus 
of elasticity with time and also presented values of the aging coefficients 
(or relaxation coefficients) corresponding to creep curves recommended by 
the C.E.B. as well as the A.C.I. Committee 209 (2). He referred to this 
procedure as the age-adjusted effective modulus method due to the similarity 
of the form of the expression relating the creep strain due to the continu-
ously varying component of stress, to a single elasticity problem with a 
modulus of elasticity modified appropriately by the aging coefficient. 
3.2.4 Procedure Used in the Present Study 
As mentioned before (see Section 3.2.2) the rate of creep method 
will lead to erroneous results when large stress changes occur at later 
ages. In order to overcome this problem Mossiossian and Gamble (45) 
introduced the revised rate of creep procedure. That procedure was, in 
essence, exactly the same as the rate of creep method, the only difference 
being that a new specific creep curve was used when a large stress change 
occurred at later ages. The age at loading corresponding to the new 
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specific creep curve was taken to be the same as the concrete age at which 
this large change in stress took place. When applied to the prediction of 
the time-dependent behavior of composite prestressed concrete girder 
bridges, the revised rate of creep approach yielded acceptable results 
(18,28,45). It should be pointed out that the revised rate of creep method 
is ideally suited to the time-dependent analysis of the precast girders in 
such, structures because the girders are, in fact, subjected to a severe 
chang2 in stress a significant period of time after being initially loaded, 
when the in-situ deck slab is cast. Danon and Gamble (12) also applied the 
revised rate of creep method to the time-dependent analysis of concrete 
bridges built by the cantilever method. 
A pure application of the method of superposition to the time-
dependent analysis of segmentally erected prestressed concrete bridges would 
be preferable. However, the construction procedure involved in the erection 
of these structures is of such a nature that the individual segments are 
subjected to numerous stress changes during the lifetime of the bridge so 
that a large number of specific creep curves would be necessary_ Further-
more, additional specific creep curves would be required in order to account 
for the time~ependent change in concrete stress due to the loss of pre-
stressing force. It should thus be clear that the experimental work involved 
in determining the required specific creep curves would be formidable, thus 
rendering a pure application of the method of superposition not feasible for 
the analysis of the type of structure considered in this study when experi-
mentally determined creep properties are to be used. 
In order to overcome the problems inherent in both the method of 
superposition and the rate of creep method, it seemed logical to devise a 
procedure composed of a combination of these two methods such that the dis-
advantages of the one would be compensated for, to an extent, by the 
advantages of the other. This philosophy was followed as far as possible 
in devising the procedure used in this study for the estimation of the creep 
of concrete subjected to a varying state of stress, when experimentally 
determined creep curves were used in the analysis. 
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The proposed procedure may be divided into three steps as follows: 
Step 1: The original stress history to which the concrete is subjected is 
decomposed into n sub-histories, where n is the total number of 
specific creep curves available. Each of the sub-histories 
corresponds to the cumulative changes in stress that occur with 
time during the time interval defined by the ages at loading of two 
consecutive specific creep curves. The change in stress at the 
beginning of the time interval is included in the sub-history, while 
the change that occurs at the end of the interval is excluded. The 
final value assumed by a particular sub-history is held constant 
for times greater than the upper limit of the time interval to 
which this sub-history applies. When all of these sub-histories are 
superimposed they must yield the original stress history. 
Step 2: The next step is to determine the creep response of the concrete to 
each of these sub-histories separately. The creep response due to 
a particular sub-history is determined by making use of the rate of 
creep method in conjunction with the specific creep curve that 
applies to this sub-history, that is the specific creep curve whose 
age at loading coincides with the beginning of the time interval 
to which this sub-history corresponds. This step will yield a 
creep response for each sub-history_ 
Step 3: The total creep response of the concrete to the original stress 
history is determined by superimposing the individual creep 
responses determined in Step 2. This step is, in essence an 
application of the method of superposition. 
When three or more specific creep curves are available, the proposed 
precedure maybe expressed as follows: 
where: t. 
1 
Tr 
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[f(t.) - f(T -l)J [Cr(t·+l ) - Cr(t.)J 1 . r 1 1 
n-l 
+ r~2 [f(Tr+l-1) - f(Tr-l)] [Cr(t) - Cr(Tr+l)] 
= concrete age at stress change i, 
= concrete age at loading corresponding to the r'th 
specific creep curve, 
f(t i ) = concrete stress at ti' 
Cr(ti ) = specific creep at ti for concrete initially loaded at 
Tr and 
n = total number of specific creep curves. 
The notation (Tr-l) indicates the concrete age at which the stress 
change just prior to Tr occurred. Thus if Tr = t , then (T -1) = t ,. 
m r m-
For the case where two specific creep curves are available, 
Eq. 3.5 simplifies to: 
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The proposed procedure can be graphically illustrated as follows: 
Consider a concrete specimen subjected to the stress history given in 
Figure 3.3a. Two specific creep curves are available for the analysis, 
Cl(t) corresponding to an age at loading at Tl=tl , and C2(t) corresponding 
to an age at loading at T2=t3 (see Figure 3.3b). The creep and elastic 
strains are calculated as follows: 
1. Firstly, the stress history is divided into two parts: 
~fl(t), which is simply the original stress history up to 
time t 2, the time at which the stress change just prior to 
T2 occurs, and ~f2(t), which corresponds to the cumulative 
changes in stress that take place at T2 and beyond. The sub-
histories ~fl(t) and ~f2(t) are given in Figures 3.3c and 
3.3e respectively. 
2. The rate of creep method is used in conjunction with specific 
creep curve Cl(t) to calculate the creep and elastic strains 
due to ~fl(t), as shown by Figure 3.3d. The creep and 
elastic strains due to ~f2(t) are also calculated by using 
the rate of creep method but, in this case, specific creep 
curve C2(t) is used (see Figure 3.3f). 
3. The total creep and elastic response of the concrete to the 
original stress history is found by super-imposing the creep 
and elastic response due to sub-history ~fl(t), as determined 
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in step 2, on that due to sub-history nf2(t) (see Figure 
3.3g). Due respect is paid to the signs of the stresses and 
strains. 
An implicit assumption made in the derivation of this procedure was 
that the ages at loading corresponding to each specific creep curve coincide 
with the times at which stress changes occur. The age at which the concrete 
is lnitially loaded must also coincide with the age at loading corresponding 
to the first specific creep curve. 
When only one specific creep curve is available, the proposed pro-
cedure corresponds exactly to the rate of creep method. On the other hand, 
if there is a specific creep curve available for each change in stress then 
this procedure corresponds exactly to the method of superposition. The 
proposed procedure may, therefore, be expected to exhibit the peculiarities 
inherent in both the rate of creep method and the method of superposition. 
Bearing in mind the bias inherent in the creep behavior as predicted by the 
rate of creep method (see Sect. 3.3.2) and that inherent in the creep 
behavior as predicted by the method of superposition (see Sect. 3.3.3), as 
well as the fact that the proposed procedure represents a combination of 
both methods, it would seem reasonable to expect that the magnitude of the 
creep strain, as predicted by this procedure, would be bounded by the magni-
tudes predicted by the aforementioned procedures, when the concrete stress 
is either continually increasing or continually decreasing. That is, the 
proposed procedure may be expected to predict creep strains that are less 
than those predicted by the method of superposition, but are greater than 
those predicted by the rate of creep method when the stress is continually 
increasing. For the case in ~hich the stress is continually decreasing,. 
the creep strains predicted by this method may be expected to be less than 
those predicted by the rate of creep method, but greater than those pre-
dicted by the method of superposition. 
The creep and elastic responses to a continually increasing as well 
as a continually decreasing stress history were calculated by using all 
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three of the above procedures, and are presented in Figures 3.4 and 3.5 
respectively. In order to generate the specific creep curves required for 
these calculations, the recommendations of the C.E.B. (11) were used in 
conjunction with the material properties of the' P.C.A. outdoor creep speci-
mens for segment SB1-Nl (see,Appendix B). The proposed procedure was used 
with two specific creep curves with ages at loading of 28 days and 91 days. 
The expectation expressed in the previous paragraph is clearly justified 
by these results, as they show that the magnitude of the creep strains 
predicted by the proposed procedure is bounded by the magnitude of the creep 
strains predicted by the rate of creep method and the method of superposition 
when the stress history continually changes in one direction. It should be 
noted that for times up to the time at which the first stress change takes 
Furthermore, the proposed procedure and the rate of creep method predict 
identical creep responses for times up to the age at which the second speci-
fic creep curve is included in the calculations of the proposed procedure 
(91 days, for these examples). The explanation for this observation lies in 
the fact that the proposed procedure corresponds exactly to the rate 
of creep method when only one specific creep curve is included in the 
computations. 
During the course of this investigation the C.E.B. recommendations 
(11) were also used to generate the creep properties of the concrete. In 
this instance the creep response of concrete was estimated by applying the 
method of superposition. In order to facilitate these calculations, 
expressions were derived for the C.E.B. creep factors Kt and Kd by making 
use of a curve fitting procedure (see Appendix A). 
It should be mentioned here that the specific creep curve can be 
expressed as a Dirichlet series as follows: 
m 
C (t) 
L = I i=l 
(3.7) 
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where: C (t) = specific creep for concrete loaded at age T, as a T 
function of time, 
ai(T) = aging parameters, dependent on the age at loading T, 
<p (T) = temperature shift functi on, 
T = temperature and 
A. = retardation times. 1 
The particular expression given by Eq. 3.7 is due to Kabir (32). 
This expression can be fitted to experimental results or to creep curves 
recommended by any code of practice. Van Zyl (58) and Khalil (36) outlined 
procedures whereby the coefficients ai and Ai may be determined. A new 
set of ai's have to be determined for each age at loading. In order to 
reduce the computational effort involved, it is possible to derive a set 
of ai's for particular ages at loading, and then to find the ai's corre-
sponding to intermediate ages at loading by linear interpolation (58). 
The prime advantage of this particular representation of the speci-
fic creep curve is that when it is used with the method of superposition, 
the entire stress history is stored in a set of hidden state variables by 
keeping the running totals of each of these variables as the calculation 
progresses. There is such a variable for each term of the Dirichlet series. 
Detailed derivations of the hidden state variables are given in Refs. (32), 
(36) and (59). This property substantially reduces the storage requirements 
involved in the computer solution of practical problems. 
Consideration of the form of this representation of specific creep 
will reveal that it cannot reflect the fluctuations that characterize 
experimentally obtained specific creep curves, especially when these curves 
were obtained from specimens that were stored outdoors. These fluctuations 
may be important in certain cases. 
The Dirichlet series representation of specific creep was not used 
duri.ng the course of thi s study. 
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3.3 Relaxation of Steel in a Variable Strain Environment 
As previously explained, the combined effects of creep and shripkage 
of the concrete as well as relaxation of the steel will subject the pre-
stressing steel to a continuously varying state of strain. In addition, 
instantaneous strain changes may be imposed on the prestressing steel due 
to the application of additional sustained loads, such as the erection of 
a new segment or the stressing of additional tendons in the case of seg-
mental cantilever construction. Th.e expression used for the estimation of 
relaxation losses, Eq. 2.9, is applicable only to steel subjected to a 
constant sustained strain. It, therefore, becomes necessary to account for 
the fact that the loss of prestressing force in the steel is not entirely 
due to pure relaxation in order to improve the estimation of relaxation 
losses. The procedure employed by Hernandez and Gamble (28) was used in 
this study to achieve this aim. This procedure may be explained by refer-
ring to Figure 3.6 as follows: Curve 1 gives the stress-time behavior of 
the prestressing steel subjected to an initial stress fsl ' as evaluated by 
using Eq. 2.9. At time tl a change in steel stress, ~fs' occurs due to 
causes other than relaxation. At this point in time the stress-time re-
lationship for the steel transfers to curve 2, which is based on a 
hypothetical initial stress, fs2" This hypothetical initial stress 
(i.e. f s2 ) is found by solving Eq. 2.9 for fsi' using as fs(t) the known 
value of the steel stress fs(t l ) and setting t to the value t l . The relaxa-
tion losses beyond t2 are found using curve 2, which represents Eq. 2.9 
with the initial stress set to the value of the hypothetical initial stress, 
fs2" 
An alternative approach to the solution of this problem has been 
suggested by Glodowski and Lorenzetti (22). This procedure was also based 
on a curve transfer procedure. The curve to which the stress-time relation-
ship transferred after a change in strain due to causes other than relaxa-
tion, was based on an effective initial stress defined as the algebraic 
sum of the initial applied stress and any subsequent stress changes due to 
factors other than relaxation. The starting point on this new curve was 
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defined by the previous relaxation losses. 
An argument that favors the second meth.od when compared to the 
procedure followed in this study lies· in the manner in which the effective 
initial stress level is determined. This argument was given in Ref. (22) 
and is repeated here .. By the procedure used in this study the hypothetical 
initial stress is calculated on the basis of the total stress level in the 
steel, and thus includes changes in stress due to relaxation as well as 
those due to other causes. By the~second procedure the effective initial 
stress is based on stress changes due to causes other than relaxation. 
Stress changes due to relaxation are excluded. In the derivation of Eq. 
2.9 the initial stress level was assumed to be an independent variable 
(see Sect. 2.3) so that the initial stress should be independent of prior 
relaxation losses. Obviously, the second procedure fulfills this require-
ment while the first procedure does not. 
A study aimed at the comparison of these two procedures was carried 
out by Hernandez and Gamble (28). Those authors concluded that the two 
procedures yielded results that did not differ significantly. Furthermore, 
insufficient experimental results are available to comment meaningfully on 
the relative accuracy of the results predicted by these two procedures. 
Due to its relative ease of application the first procedure was used in 
this study. 
3.4 Elastic Recovery 
In prestressed concrete members the combined effects of creep and 
shrinkage of the concrete and relaxation of the steel tend to reduce the pre-
stressing force with time. This loss of prestressing force is accompanied 
by change of concrete stress which, in turn, leads to an elastic rebound of 
the concrete strain. The change in concrete stress will lead to creep 
recovery and, in the context of this study, the elastic rebound of the con-
crete is referred to as elastic recovery. If these recoveries are ignored 
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tn the analytical procedure, then the total prestress loss wtll be over-
estimated. It should be noted that in the case of segmentally erected 
post-tensioned bridges, elastic recovery \'Jill accompany the stress changes 
induced in the structure by moments due to the 'se 1 f \'Jei ght of a newly 
erected segment, or by the increase in prestressing force due to the stress-
ing of a new tendon. 
Ghali et ala (19) and Ghali et ale (21) introduced procedures for 
the estimation of the loss of prestressing force. Both of those procedures 
accounted for the effects of creep and elastic recoveries on the total loss 
of prestress. 
The approach used in this study to estimate the elastic recovery 
may best be explained in terms of the assumpti.on that the concrete is 
perfectly bonded to the steel. It is thus assumed that the strain changes 
tn the concrete at the level of the steel are equal to the strain changes 
in the steel. When a strain is imposed on the concrete due to, for 
example, the effects of shrinkage and the concrete is allowed to deform 
freely, the change in strain in the concrete at the level of the steel will 
obviously not be equal to the change in steel strain. The problem now 
reduces to the calculation of the change in steel stress and the subsequent 
change in concrete stress necessary to reestablish the compatibility of 
concrete and steel strains, while simultaneously satisfying the equations of 
equilibrium. This-calculation directly yields the elastic recovery of the 
concrete as well as the change in prestress due to the imposed strain. 
A detailed derivation of the procedure used in this study for the 
estimation of elastic recovery is presented in Appendix A. This procedure 
can be used to estimate the elastic recovery of the concrete resulting from 
shrinkage and creep of concrete, relaxation of steel, and the effects of 
applied loads. It applies to prestressed concrete flexural members and 
can handle the case where any number of tendons are located at different 
levels throughout the depth of the member. 
For the case where an external moment is applied, the resulting 
concrete stresses as calculated by using the transformed section properties 
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wi 11 be the same as the resu1 t ob~ta tned wnen the concrete stresses, cal cu-
1 ated by ustng th.e net sectlon properties, are corrected for the. effects of 
. elastic recovery. 
3.5 Initial Prestressing Force 
For post-tensioned prestressi.ng systems', the individual cables 
are subjected to several s.ources of instantaneous loss of prestressing 
force, so that for these systems the initial prestressi.ng force will 
generally vary along the length of the tendon. There are three possible 
sources of immediate loss of forte: Friction losses, anchor-set losses, 
and losses due to elastic shortening. 
When a cable is stressed, normal forces will be set up between 
the cab 1 e i tse 1 f and the surroundi:ng materfa 1 due to the curvature of the 
cable. The stressing operation will, furthermore, cause the tendon to 
move relative to the duct, and will, in the presence of these normal 
forces, give rise to frictional forces that will reduce the tensile force 
in the cable. This loss in prestressing force increases as the distance of 
the point, under considerati.on, from the stressing end increases. There 
are two major sources of curvature as far as the cable is concerned: Inten-
tional curvature and unintentional curvature (40). The intentional 
curvature is defined by the cable profile while the unintentional curvatures 
(wobble) arise from unforseen deviations from the theoretical profile. 
Expressions for the estimation of the friction losses are given in most 
textbooks covering the topic of prestressed concrete (see, for example, Refs. 
35 and 40). The coefficient of friction, ~, depends on the hardness of the 
materials sliding over each 'other, the surface conditions of the sliding 
faces, the contact pressure between the surfaces, and any lubrication that 
may be present. The wobb 1 e coeffi.ci ent, k, primari ly depends on the 
standard of workmanship, the particular prestressing system used, the 
magnitude of the intentional curvatures, and the flexural stiffness of the 
metal ducts as well as that of the cable itself (40}. Obviously the 
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magnitudes. of II and k vary ove.r a w'i'de ,range. Some values suitable for 
design are given in Refs. 35 and 40. 
Once a tendon nas been stressed it is somehow anchored and the 
jack removed. Exactly how the tendon is anchor'ed will depend on the 
particular type of prestressi'ng system being used. What is of importance, 
however, is that this anchoring operation is accompanied by a small 
amount of deformation or slip which, in turn, leads to a loss in prestressing 
force. For long cables this loss is usually small, but for the case of 
short tendons this loss may be significant. The amount of slip to be ex-
pected at the anchors will primarily depend on the prestressing system 
being used, as well as the quality of workmanship. The amount of slip to 
be allowed for should be provided by the manufacturers of the prestressing 
system being used. Some values are to be found in Ref. 40. An iterative 
procedure for the solution of the problem of the estimation of the pre-
stress loss due to slip at the anchor is given by Leonhardt (40). By 
approximating the actual cable profile with circular arcs, Huang (29) 
deri ved closed-form express ions by whi ch these losses may be es tima ted~~ 
For practical reasons the tendons 1n a post-tensioned member are 
not stressed simultaneously. As a tendon is stressed it will tend to 
shorten the member due to instantaneous elastic effects. It should thus be 
clear that the elastic shortening induced by a cable will reduce the 
prestressing force existing in the cables that have already been stressed 
and anchored. Various procedures for the estimation of the prestress loss 
due to the effects of elastic shortening are presented in Refs. 18 and 
40. 
In the present study, all of the above-mentioned losses are 
accounted for. The expressions used for the estimation of friction and 
anchor-set losses are derived in Appendix A. The losses due to elastic 
shortening are automatically accounted for by including the effects of 
elastic recovery (see Sect. 3.4) as each tendon is stressed. 
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3.6 Basic Analytical Assumptions 
Tne basic assumptfons of tne analysis, as they apply to the. 
material properties as well as to analytical considerations, are listed in 
wh a t f 011 ow s . 
1. At the stress levels e.ncountered during th.e course of th.e 
analysis, concrete and steel both have linear elastic stress-
strain relationships unde.r short-time loading. 
2. The strains vary linearly over the depth of the cross-se.ction 
of the member. This is a dire.ct result of the usual ass.umption 
made in beam theory that plane sections remain plane before and 
after application of the load. 
3. The modulus of elasticity of the concrete, expressed as a 
function of time, is known and may he considered as a step 
function. 
4. Linear creep theory is applicable within the range of stress 
levels encountered during the course of the analysis. 
5. The specific creep of concrete is known as a functi'on of ti.me 
as well as age at loading and may be considered a step function. 
When experimental data is used, the number of different 
specific creep curves will depend on the available data. 
6. The strains due to free shrinkage of the concrete are uniformly 
distributed over the depth of the cross-section of the member. 
7. The concrete shrinkage strain, expressed as a function of time, 
is known and may be considered as a step function. 
8. All the time-dependent and instantaneous elastic material 
properties are taken to be the same for each segment. 
9. The modulus of elasticity of steel is known. 
10. The loss of steel stress due to relaxation, expressed as a 
function of time, is known and may be considered as a step 
function. 
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11. For th.e purposes of estimating the change in creep strain 
that takes place during a particular time interval, the con-
crete stress is assumed to remain constant at the value that 
existed at the beginning of the time interval. 
12. The change in stress relaxation that takes place during a 
particular time interval occurs under constant strain. 
Rel axation duri.ng the time interval is based on a hypothetical 
initial stress evaluated from the stress in the steel at the 
beginning of the time interval. 
13. Prior to erection, each. segment is considered to be stress-free. 
14. All strains that take place in a segment prior to erection 
have no structural significance. 
15. Within the elastic range the elastic strains, as well as 
creep and shrinkage strains, are considered to be additive. 
It is thus assumed that creep and shrinkage are additive 
phenomena. 
16. All the effects of the nontensioned reinforcing steel on the 
long-time behavior of the structure are ignored. 
17. The concrete is assumed to be perfectly bonded to the prestress-
.ing· steel so that the change of strain of the steel is equal to 
that of the concrete at the level of the steel. 
18. The complete construction history of the structure is known. 
This requires knowledge of the sequence of casting, curing and 
erection of each segment. Furthermore, the times at which 
certain construction activities, such as casting of closure 
segments, stressing of positive continuity tendons, and re-
lease of supports, take place are assumed to be known. 
19. An in-situ closure segment is assumed to be free of s.tress up 
to the time that the positive continuity tendons passing through 
it are stressed. 
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20. The self weight of a side-span end is assumed not to imp6se 
any loads on the structure pri or to the time th.at th.e 
continuity tendons within that particular side-span are 
stressed. 
3.7 Numerical Procedure 
The integral expressing the strains i.n the structure as a functi.on 
of time is solved using a step-by-step numerical integration scheme because 
of the difficulty encountered in expre.ssing the rheological properties of 
concrete and steel as well as their inter-dep~ndent effects in terms of 
mathematical functions, which prohibit the development of closed form 
solutions. The time period over which the time-dependent behavior of the 
structure is to be determined is di.vided into a number of short time 
intervals. Creep, shrinkage and relaxation are converted into step 
functions in the time domain and are, furthermore, assumed to have i.ndepend-
ent effects over each time interval. 
It is recommended that the time intervals be chosen in such a 
manner that they are smaller for the time periods immediately following 
large changes in concrete or steel stress, and become progressively larger 
for later times. The reason for choosing the time intervals on this basis 
lies in the fact that most of the expected creep and relaxation takes place 
in a relatively short period of time immediately following application of 
stress, and then proceeds at a greatly reduced rate for later times. 
Furthermore, it should be mentioned that for the period of time immediately 
following the end of curing, concrete shrinks at a high rate. 
The numerical procedure used in this study was incorporated in a 
computer program, coded in Fortran IV. The program was developed specifical-
ly for the time-dependent analysis of the Kishwaukee River bridge and is 
capable of accounting for the effects of most of the construction activities 
encountered during the course of the construction of this particular bridge. 
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Furthermore, the program was designed in such a way that the inclusion of 
any further construction activfties may be accomplished wft~ relative 
easeo 
Th.e doub 1 e cant il evers and side-span ends are assemb 1 ed i nde-
pendently of each other. These structures can then be assembled in any 
spec i fi ed order into i ntermed·fate struct.ures, to eventually yi el d the com-
p 1 eted structure. Th.e ana lys.i's proceeds independently for each of the 
above-mentioned structures so that the actual construction history was 
used for the analysis. The number of segments and consequently the spans 
of the doub.le cantilevers and intermediate structures need not be the same. 
Segments can vary in length as well as cross-sectional properties. 
When double ·cantilevers are joi·ned to each other, or to existing 
intermediate structures, the moment resisting part of the double cantilever 
support is usually released. The, effects of this operation were accounted 
for in the program. The application and removal of construction loads 
were also taken into account. Only point loads were considered. 
Since all the tendons in the Kfshwaukee River bridge were 
straight, only straight prestressing tendons were included in the program. 
Friction as well as anchor-set losses were accounted for. 
The time at which any construction activity takes place must 
coincide with the beginning of a time interval. 
Th.e program was set up so that experimenta lly determined concrete 
materi.al properties could be. directly used. In the absence of experimental 
data, these properties, as based on the recommendations of the CoE.B. (11), 
could be automatically generated by the program. ~lhen experimentally 
determined materia 1 properties were used, the creep of concrete subj ected 
to variable stresses was estimated by the procedure outlined in Sect. 3.2.4. 
For the case of specific creep curves generated by using the C.E.B. recom-
mendations, the method of superpos·ition was used for the prediction of creep. 
The variation of the 'modulus of elasticity with time was also accounted for 
in the ana lY$i s. 
The size of the problem that can be solved by the program depends 
only on the amount of central memory available on the computer being used. 
No further restrictions are placed on the number of double cantilevers, 
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which defines the number of spans in tneffnal structure, the number of 
segments and the number of dffferent tendons i.n tne structure, and the 
amount of experimental data. 
In what follows, the numerical procedure i's summarized i.n step-
by-step form. Sections are automatically taken at the middle of each 
segment. Unless otherwise indicated, concrete stresses and strains are 
calculated at the extreme. top and bottom fibers of each section in the 
structure under consideration. The value of each. of these quantities at any 
level on a particular section may be found by linear interpolation. All 
the indicated sunmations are algebraic. The details of most of the compu-
tations are given in Appendix A. 
The assembly of each double cantilever was independently accounted 
for because it is improbable that the sequence of casting, curing and 
erection of the segments for each of these structures will be identical in 
practice. The numerical procedure followed in this study for the 
analysis of a double cantilever is presented below. 
1 . I f a new segment is to be e.rected, ca 1 cu 1 ate the concrete 
stresses and strains due to the self weight of this segment. 
Correct these stresses and strains for the effects of elastic 
recovery of the concrete. This calculation will also yield the 
change in prestressing force due to the self weight of the new 
segment. 
2. If a tendon is to be stressed, calculate the prestressing force 
taking into account friction losses as well as anchor-set losses. 
3. Calculate the concrete stresses and strains due to the pre-
stressing force determined in step 2. Correct these stresses 
and strains for the effects of elastic recovery of the concrete. 
This calculation will yield the change in prestressing force 
due to the stressing of the tendon. This change in prestressing 
force represents the prestress loss in the already stressed 
tendons due to elastic shortening of the concrete. It should be 
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noted th.at the tendon b.eing stressed i.s not incl uded in the 
calculation of elasti.c recovery of the concrete. 
4. Repeat steps 2 and 3 until all the tendons associated with the 
erection of this segment h.ave been ·stressed. 
5. Repeat steps 1 through. 4 unti 1 a 11 the segments that are to be 
erected at the beginning of this time interval have been 
accounted for. 
6. If loads are to be app 1 i ed or removed, :cal cu 1 ate the concrete 
stresses and strains due to the resulting moments. The concrete 
stresses and strains are subsequently corrected for the 
effects of elastic recovery of the concrete and the correspond-
ing change in prestressing force determined. 
7. The total changes in concrete stresses and strains as well as 
the total change in prestressing force due to instantaneous 
elastic effects at the beginning of this particular time interval 
are found by keeping the running sums of the corrected concrete 
stresses and strains as well as the changes in prestressing' 
force as ,determined in steps 1,3 and 6. For each time 
interval these running sums are initialized to zero before 
executing step 1 for the first time. 
8. Update the total concrete stresses and strains by adding the 
total change in the concrete stresses and strains due to the 
instantaneous elastic effects at the beginning of the time 
interval, as determined in step 7, to the total concrete stresses 
and strains existing at the beginning of the time interval. 
9. Update the total prestressing force by adding the change in pre-
stressing force due to the instantaneous elastic effects at the 
beginning of the time interval, as determined in step 7, to the 
total p~estressing force existing at the beginning of the time 
in terva 1 . 
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It i.s understood that i..f any of th.e. above steps are. not app1 i.cab1e 
for tfte time step under cons'i.deratton, tfien that parti cu1ar step i~s skipped. 
In order to determine the time-dependent effe.cts during a tfme "interval, 
the following procedure is followed: 
10. Calculate the change i.n creep strains at th.e extreme. top and 
bottom fibers of each. s'ection for th-is time. interval. Th.e 
procedure to be used will depend on whether experimentally 
determined specific creep curves, or specific creep curves 
generated by the C.E.B. recommendations (Jll are used (see 
Sect. 3.2.4). The requtred stress h.istori~es are re.corded at 
the extreme top and hottom fihers of each section. By 
accounting for the effects of elastic recovery of the concrete, 
the creep strains may be corrected. This calculation, 
furthermore, directly yields the chBnge in prestressing force 
and the associated change in concrete stress due to the change 
in creep strai.n. 
11. Find the free shrinkage strain of the concrete for this time 
interval. It is assumed to be uniformly distributed through 
the cross-section. This shrinkage strain is corrected by 
accounting for the effects of elastic recovery of the concrete. 
The change in prestressing force and concrete stress due to the 
change in shrinkage strain are also determined. 
12. Calculate the loss of prestressing force in each tendon due to 
relaxation. This calculation is based on the steel stress 
existing at the beginning of the time interval, including the 
instantaneous elastic effects. By applying this loss of pre-
stressing force as a tensile force acting on the section, the 
change in concrete stress and strain is corrected for th.e 
effects of elastic recovery of the concrete. The change in 
prestressing force resulting from this calculation must be 
added to the relaxation loss to yield the total change in 
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prestressing force. due to stress re,laxation of the steel, for 
th i s t iine in t erv a 1 . 
13. The total change in concrete stresses and strains, as well as 
the total change in prestre,ssi,ng force due to the time-
dependent effects for this time tnterval are found by summing 
the corrected changes in concrete stresses and strai.ns as well 
as the changes in prestressing force due to the effects of 
creep, shrinkage and relaxation as determined in steps 10 through 
12. 
14. Update th.e total concrete stresses and strains by adding th.e 
total changes in these quantities due to the time-dependent 
effects for thi,s ti'me i,nterval, as determined in step'13, to 
the total values, as determined in step 8. 
15. Update the total prestressing force by adding the change in 
prestressing force due to the time-dependent effects for this 
time interval, as determined tn step 13, to the total- pre-
stressing force, as determined in step 9. 
The operations described by steps 1 through 15 are executed at e,ach 
integration point, or section, along the span of each cantilever making up 
the double cantilever. The number of sections considered will depend on tha 
total number of segments e,rected at the time corresponding to the beginning 
of the time interval under consideration. 
The deflected shape of each cantilever at the end of the time 
interval can be calculated by ,repeating the following steps for each 
cantilever: 
16. Calculate the total curvature at each section along the 
cantilever by making use of the total concrete strains, as 
determined in step 14. 
17. Using the curvatures found in step 16 in conjunction with the 
Newmark numerical integration procedure given i,n Ref. 23, 
calculate the deflected shape of the cantilever. 
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The procedure, as defin.ed by steps 1 througn 17, is. repeated for 
each time step up to the time that a closure segment is cast. From this 
time onwards, the calculation proceeds as follows: 
18. If the cantilever to which th.e closure segment applies forms 
part of a side-span end, skip to step 20. It is assumed tnat, 
for this case, the closure segment is cast on false-work, so 
that its sel f-weign-t does not i.mpose any loads on the structure 
at this stage. 
19. Find th.e bending moment at eacn section of the cantilever to 
wtti ch the c 1 osu re s.egment is added due to half th.e tota 1 
weight of the segment~ Subsequently calculate ths concrete 
stresses and strains due to these moments. Correct these 
stresses and strains for the. effects of elastic recovery of the 
concrete and find the resulting change in prestressing force. 
20. If loads are to be applied or removed at the beginning of this 
time interval, calculate the concrete stresses and strains due 
to the moments resulting from these loads. These stresses and 
strains are subsequently corrected for the effects of elastic 
recovery, and the corresponding change in prestressing force 
determined. 
21. Find the total change in the concrete stresses and strains as 
well as the total change in prestressing force that occurred at 
the beginning of the time interval by summing the appropriate 
quantities as determined in steps 19 and 20, when the closure 
segment is c~st at this time. If the closure segment is not 
cast at this time, then th.e corrected changes in the concrete 
stresses and strains as well as the change in prestressing force 
determined in step 20 represents the total changes in these 
quantities that occurred at the beginning of tFte time interval. 
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22. Update th.e total concrete stresses. and s tra i. ns as' well as th.e 
total prestres.s fng force by add i.ng Ute ch.angestn tnese. 
quantities, as determfned fn step 21, to the total values exist-
ing at the beginning of the time interval. 
23. Find the total changes in concrete stresses and strains as well 
as the total change in prestressing force that take place during 
the time interval due to t~e effects of creep and shrinkage of 
the concrete, and relaxation of the steel. This step is 
executed exactly as ;:ndicated by steps 10 through. 13. 
24. Update the total concrete stresses and strains as well as the 
total pre~tressfng force by adding the changes in these 
quantities due to th.e ti.me-dependent effects for this time 
interval, as detenntned i"n step 23, to the total values deter-
mined in step 22. 
25. Using the total concrete strains determined in step 24, the 
curvatures at each section are calculated, and subsequently 
the defl ected shape of each cant; 1 ever, at th.e end of the time 
interval, is computed. 
Steps 20 through 25 are repeated for each time interval up to the 
time that the tendons which establish continuity of this double cantilever 
with the structure to which it is joined are stressed. It should be noted 
that steps 18 through 25 are applied only to the first closure segment that 
applies to this double cantilever. l~hen the closure segment on the opposite 
cantilever is cast, the structure must be changed from a double canti-
lever to an intermediate structure. 
The procedure defined by s.teps 1 through 25 is repeated for each 
double cantilever until all these structures have been accounted for. 
Subsequently, each of the side-span ends is assembled. The numerical pro-
cedure followed is similar to that followed for th.e assembly of the double 
cantilevers. There are, however, some differences: It is assumed that no 
construction loads are imposed on the side-span end, the self-weight of the 
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clos.ure segment is assumed not to impose any loads. on the s.ide-span end, 
and th.e ooundary cond;:tions for which. moments and deflectfons' are cal-
culated correspond to a simply s;upported beam. All thes.e assumptions are 
based on the fact that th.e side-s'pan ends' are assemb 1 ed on fa 1 se-work. 
Once a 11 the double cantil evers and si.de-span ends have been 
ana lyzed up to the point where th.e tendons that estab 1 ish continuity be-
tween each of these structures and another structure are to be stressed, 
tne numeri.cal procedure. i.s continued as follows for each of th.e resulti.ng 
intermediate structures: 
26. Fi nd the prestress fng force due to the stressing of th.e 
tendons that estab 1 i sn. continuity of the new i.ntermediate 
structure, accounting for fri.ction and anchor-set losses. 
Calculate the concrete stresses and strains due to this force 
and apply the appropriate corrections due to the effects of 
elasttc recovery of the concrete .. The change in prestressing 
force in the already stressed tendons 1.s also dete.rmtned. By 
repeating the above calculations for each of the tendons in the 
sequence that they are stressed, the loss of prestress due to 
elastic shortening is correctly accounted for. 
27. If the structure is statically determinate, skip to step 29. 
28. Find all the elements of the flexibility matrix as it applies 
to the calculation of the unknown vertical reactions at each 
interior support. For this calculation the current value of the 
modulus of elasticity of the concrete for each segment is used, 
and the eff~cts of elastic recovery of the concrete are properly 
accounted for. The exact procedure followed in finding the 
flexibility matrix is presented in Appendix A.5. 
29. Calculate the change in deflected shape due to the stressing of 
the tendons by using the change in concrete strains found tn 
step 26. For a statically determinate intermediate structure 
use the actual boundary conditions for this computation. If 
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the structure i,s stati.cally indetermtnate th.is calculati,on is 
based on the boundary condi:tions corresponding to a heam simply 
supported at the two outs,t,'de supports" i.e. the fnternal 
supports are removed. This consti,tutes the equival ent 
stati ca lly determinate structure Cs'ee Appendix A.5).. 
30. If the structure is statically determinate, skip to step 36. 
31. Find the vertical reactions at the interior supports by making 
use of the fle)(ioi'l ity matrix and the deflected shape of the 
equivalent statically determinate structure, as determined in 
step 29 (see Appendi~ A.5). 
32. Find the moments ion the equiValent statfcally determinate 
structure due to the vertical reactions determined tn step 31. 
Th.is is done by applying these reactions as point loads on the 
equivalent statically determinate structure. 
33. Fi.nd the concrete stresses and strains due to the moments found 
in step 32. By considering the effects of elastic recovery, 
these concrete's.tresses and strains may be corrected and th,e 
resulting change in prestressing force found. 
34. Find the deflected shape of the equivalent statically 
determinate structure due to the strains found in step 33. 
35. The concrete stresses and strains as well as the c~ange in 
prestressing force found in step 33~ and the deflected shape 
found in step 34 represent the corrections in these quantities 
due to the effects of continuity of the structure. 
36. Find the total changes in the concrete stresses and strains 
as well as prestressing force due to stressing of the continuity 
tendons by summing the 'appropriate quantities found in steps 
26 and 33. For statically determinate structures the total 
changes are given by the values found in step 26. 
37. Find the total change in deflection due to stressing of the 
continuity tendons by superimposing the deflected shapes 
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calculated in steps 21 and 34. For statically determinate 
structures., the total change i.n deflection is given by the 
defl ected shape found in step 29. 
38. Update the total concrete stresses and strains as well as the 
total prestressing force Ely adding the changes in these 
quantities, as determined in step 36, to the values existing at 
the beginni.ng of the tfme i.nterval. 
39. Update the total deflections by adding the change in deflection, 
as determined in step 37, to the total deflection existing at 
the beginning of th.e time interval. 
40. Update the total bendi'ng moments by adding the change in bend-
ing moment due. to th.e. effects of continuity, as found in step 
32, to the total bending moments e.xfsting at the beginning of 
the time interval. 
If one of th.e structures forming this new intermediate structure is 
a side-span end, the effect of th.e self-weight of th.is side-span end now, 
for the first time, imposes loads on the structure. The effect of this 
weight is taken into account in the next few steps. For the case that 
neither component structure forming the new intermediate structure is a 
side-span end, the following steps are skipped and the numerical procedure 
continued from step 48. 
41. Find the change in moments due to the self-weight of the side-
span end as well as that of the closure segment~ For the case 
of a statically indeterminate structure this calculation is 
based on the equivalent statically determinate structure. 
42. Calculate the change in concrete stresses and strains due to the 
change in moments, found in step 41. Correct these concrete 
stresses and strains for the effects of elastic recovery, and 
find the associated change in prestressing force. 
43. Calculate the change in deflected shape due to the self-wei.ght 
of the side-span end by using the change in concrete strains, 
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found in step 42. For a statically indetermi.nate structure 
base thi.s calculation on the e.qufvalent statically determi.nate 
structure. 
44. If the structure. fs stati'cally determinate, ski.p to step 46. 
45. Fi.nd the ch.ange j'n moment, the change in concrete stresses. and 
strains, th.e change in prestressing force, and th.e. change in 
deflected shape due to tfie effects of continuity of the inter-
mediate structure. Thes·e. operations are performed as indicated 
by steps 31 through. 35, hut are b.ased on the defl ected shape 
found in step 43. 
46.. Fi nd the total ch.ange i.n moments, the total change in concrete 
stresses and stra i.ns as we.ll as prestressing force., and the 
total change i.n def1ectfon due to th.e s.elf-wefght of the side-
span end by adding the ch.anges in these quanti. ties as found in 
steps 41, 42 and 43 to the appropriate changes due to the. effects 
of continuity, as found in step 45. It is understood that for 
a statically determinate structure the changes found in steps 
41, 42 and 43 constitute the total changes i.n the. appropriate 
quantities. 
47. Update the total bending moments, the total concrete stresses 
and strains, the total prestressing force, and the total 
deflections by adding the total change in these quanti.ties, as 
found in step 46, to the total values existing after b.eing 
updated in steps 38, 39 and 40. 
For time steps up to the time that a clos.ure segment is cast, the 
following procedure is followed for e.ach time step: 
48. Find the elements of the flexibility matrix. For this calculatton 
use the current value of the modulus of elastici.ty of the concrete 
(see also step 28). If the intermediate 'structure is statically 
determinate, skip this step. 
49 . Determi ne the moments due to any loads that are app 1 ted or re-
moved, as well as supports that are released, at the heginning 
of the time interval. For the case of a statically 
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indeterminate structure tnis calculati.on is b.ased on th.e 
equivalent statically dete.rminate structure~ If ne.i.th.e.r of th.e 
above-mentioned operations are performed at th.e heginning of thi.s 
time interval, ignore this ste.p and skip to step 52. 
50. Following the procedures outlined by steps 42 through 46, 
for the case of accounti.ng for the s'el f-weight of a side-s.pan 
end, the total change in mome.nts, the tota 1 change in concrete 
stresses and strains' as well as prestressing force and tne 
total change in deflection, due to the moments found in step 49, 
may he determined. 
51. Update the total mome.nts., the total concrete stress.es and 
strains, the total prestress·tng force, and th.e total deflections, 
by adding the total change i.n these quantities, as found i.n 
step 50, to the total values existing prior to the execution of 
step 48. 
52. Find the total changes in concrete stresses and strains as well 
as the total change in prestressing force that take place during 
the time interval due to the combined effects of creep and 
shrinkage of the concrete as well as relaxation of the steel. 
This step is executed exactly as outlined by steps 10 through 13. 
53. Calculate the ch.ange in de.flected shape due to th.e time-
dependent effects for thts time interval by using the total change 
in concrete strains found in step 52. For a statically inde-
terminate structure base this calculation on the equivalent 
statically detenninate structure. 
54. If the structure is statically determinate skip to step 56. 
55. Find the change 1n moments, the change in concrete stresses 
and strains, the change in prestressing force, and the ch.ange 
in' the deflected shape due to the continuity of the intermediate 
structure. This step is executed as outlined by steps 31 through 
35, based on the deflected shape found in step 53. 
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56. Fi nd the total change. in concrete stresses and stra ins. as well 
as prestress-tng force., and the total change in deflection due 
to the time-dependent effects', for this time interval, by 
adding the changes in these quantities as found in steps 52 
and 53, to the appropri.ate ch.anges due to the effects of con-
tinuity, as found fn step 55. ·Th.e change in moment as calculat-
ed in step 55 represe.nts the total change fn moment due to the 
time-dependent effects for this ti'me interval. If the inter-
mediate structure is statically determinate the changes found 
in steps 52 and 53 constftute. the total changes in the above.-
mentioned quantftfes., and th.ere is no cftange in moment due to 
the time-dependent effects. 
57. Update the total moments, the total concrete stresses and strains, 
the total prestressing force, and the total deflections by 
adding the total change fn these quantities, as found in step 
56, to the total values existing before execution of step 52. 
The procedure outl ined by steps 48 through. 57 is repeated for e.ach 
time interval up to th.e time that th.e closure segment joining this inter-
mediate structure to another structure, is cast. If the particular inter-
mediate structure being considered is the final structure, the above 
procedure is repeated until the last time interval has been accounted for. 
At this point the analysis is halted. 
If the next structure to be added to this intermediate structure is 
a side-span end, the self-weight of the closure segment is assumed not to 
impose any loads on the intermediate structure up to the time that the 
continuity tendons, wh.ich establis.h continuity of the intermediate 
structure and the side-span end, are stressed. In this case the numerical 
procedure is resumed from step 62.. Otherwise, the self-weight of the 
closure segment must be included from the time of casting, and the numerical 
procedure is continued as follows: 
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58. Find the flexib.ility matrix based on th.e current value of the 
modul us of el astfc ity of the concrete (see a 1 so step 281. 
If the interme.di:ate structure. fs s'tatically determinate, skip 
this step. 
59. Find the moments in th.e intennedfate str.ucture due to hal f the 
self-weight of the closur·e segment. For the case of a 
statically indete.rminate structure thi.s calculation is based 
on the equival ent statica 11y determinate structure .. 
60. Following the procedure as outlined in steps 42 through 46, 
for the case of the se.l f-wefght of a side-span end, the total 
change in moments, the total change in concrete stresses and 
stra ins as w.ell as pres·tress fng force, and the tota 1 change in 
deflection due to the bendi'ng moments found in step 59, may be 
determined. 
61. Update the total moments, the total concrete stresses and 
strains, the total prestressing force, and the total deflected 
shape by adding the total change in these quantities, as found 
in step 60, to the total values existing prior to th.e execution 
of step 59 .. 
62. Evaluate the behavior of the structure for each time interval 
up to the time that the next set of continuity tendons, that 
apply to this intenne.di.ate structure, are stressed. Thi.s 
is done by repeating the ope.rations outlined in steps 48 th,rough 
57 for each time interval. 
Once step 62 has been executed, the next intermediate structure can 
he analyzed, and the numeric~l procedure is resumed from step 26. This pro-
cess is continued until all the intermediate structures, including the 
final structure, have been analyzed. 
4. CALCULATED AND MEASURED DEFORMATIONS OF THE 
KISHWAUKEE RIVER BRIDGE 
4.1 Introduction 
It is a recognized fact th.at the prime contributors to the time-
dependent behavior of prestressed concret~ structures are the ti~e~depend­
ent material properti.es of concrete and steel. In the 1 ight of th.e. dis-
cussions presented in Sections 2 and 3 it should be clear that this 
behavior will be influenced by numerous factors related to the surround-
ing environment and the composi·tion of the concrete, as w'ell as the stress 
history to ~lhich the consti.tuent materi.als making up the structure are 
subjected. Of part; cul ar importance is the effect of the vari.ati'ons of the 
environmental factors on the time-dependent behavior of the concrete, since 
most real structures are not subjected to constant environments. It is, 
furthermore, of importance to note. th.at th.e compl ex interact i.on of the 
creep and shrinkage of concrete as well as the relaxation of ste.el will 
have an influence on the time-dependent behavior of the structure. 
It should be reali.zed from the outset that it is virtually impos-
sib.le to account exactly for the effects of all the above-mentioned contri-
butory factors when conducting an analysis aimed at predicting the time-
dependent behavior of a prestressed concrete structure. The difficulties 
involved in accounting for these effects primarily stem from the present 
lack of understanding of exactly how these factors affect the creep and 
shrinkage properties of the concrete as well as the lack of records which 
exactly describe the variable environmental conditions to which real 
structures are subjected. Nonetheless, such an analysis should in some 
measure attempt to account for most of these effects. For the particular 
case of prestressed concrete bridges built in segments by the cantilever 
meth.od, tne stresses are built up in a complex manner due to the nature of 
the construction procedure. This construction procedure should be 
reflected as accurately as possib.le in the analys·i.s because of the 
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dependence of creep on th.e stress hJstory to wh.ich. the concrete is. sub-
jected. 
In tni s work the t i.me-dependent fiehavior of the KisFiw'aukee Rfver 
Bridge was studied. Th.e superstructure of this bridge i:s a five-span 
continuous box girder built in segments by the cantilever method. For 
details of the structure as well as the constructi"on sequence, see 
Appendix B. This Appendix also provides the prestressing details. 
An experi.menta1 program aimed at recording concrete strai"ns at 
three different sections on th.e b.r·d:dge. itself, as well as determfnin,9 
the material properties. of the concrete used in th.e bridge from 1 aboratory 
stored speci.mens as well as s.pecimens stored outdoors was conducted at the 
Construction Technology Lab.oratories of the Portland Cement As:sociation 
(P.C.A.l (54). The locati.ons of the. i'nstrumented segments were chosen 
such that records of concrete strain could be obtained in th.e support, 
quarter-span and mid-span regi.ons of a parti'cular span [see figure 4 .. 1 
and B.1 b). These segments are designated SB1-Nl~ SB1-N9 and SB1-N16, 
respectively. Longitudinal concrete strains were measured by makfng use of 
Whittemore mechanical strain gauges, which measure surface concrete strain, 
and Carlson strain meters, which measure internal concrete strain. The 
locations of the Carlson strai.n meters at a parti~u1ar section are given 
in Figure 4.2. 
In this section analytically obtained concrete strains are com-
pared to strains obtained from the Carlson strain meters. Three analyses 
were made, the differences lying in the material properties assigned to the 
concrete. For Analysis 1 the material properties determined experi.mental1y 
from the outdoor stored concrete specimens were used. It was felt that 
these materi a 1 properti es wo'ul d i.ntroduce i.nto the ana 1ys; s the effects on 
the time-dependent behavior of th.e vartab.1e environment to which the actual 
structure was ·subjected. Ana1ys;'s 2 was conducted on the hasis of concrete 
material properties determined experimentally from laboratory stored speci-
mens. The procedure as proposed in Sect. 3.2.4 was used to calculate creep 
stralns for the case of Analysis 1 and Analysis 2. For Analysis 3 the 
recerrmendati ens of th.e C. E. B. (11) were us:ed to generate the concrete 
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material properties. For thjs particular analysts the method of superposi-
tion was used to estimate the creep of concrete. It was felt th.at Analysis 
3 would represent the basis from wh5ch a designer would generally h.ave to 
approach the solution of the problem at hand. lt is very seldom that 
experimental data related to· the creep and shrinkage properties of the con-
crete to be used in a structure fs availab.le at th.e time of desi.gn, so that 
Analysis 3 would serve as a useful indicator of the level of confidence with. 
which the C.E.B. recommendations may be applied to the estimation of the 
time-dependent behavior of the type of structure under cons i.derat i on herein. 
Following the recomnendati.ons of He.rnandez and Gamble C28}, creep was 
based on 50 percent relatfve humidity and shrinkage on 80 percent relative 
humidity in the case of Analysts 3. 
4.2 Measured and Analytically Obtained Concrete Strains 
The tota 1 concrete stra ins generated by Ana lys is 1, Ana lys 1.s 2 
and Ana 1 ys i s 3 are compared wi th th.e s tra i ns measured by means of the 
Carlson strain meters at the tnstrumented segments in Figures 4.3 through 
4.11, Figures 4.12 through 4.20, and Figures 4.21 through 4.29, 
respectively. At each of the instrumented segments, measurements of strain 
were taken at three different levels through the depth of the segment 
(See Figure 4.2). It should be mentioned that gauge 1 was located slightly 
below gauges 2 and 8, and that gauge 5 was located slightly above gauges 
4 and 6. The analytically obtained top and bottom fiber strains were 
reduced to levels 8 in., 56 in. and 131 in. (0.203. m, 1.422 m- and 3.3-27 m) 
above the bottom fiber of tne s.ectton so that these strains could directly 
be compared to the measured stratns. 
Tne time scales that apply to each of the above-mentioned plots 
were chosen such that day zero coinctded with the day on whi'ch the particu-
lar s .. egment being considered was erected. Thus, the origin of the time 
scales for the different instrumented segments do not fallon the same 
calendar day. The times at wh.ich some of the major construction acttvities. 
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took place are marked in Figures. 4.3, 4.6 and 4.9 for se.gments SBJ-Nl, 
SB1-N9 and SB1-N16, respective.ly.. rt should be mentioned that since total 
stratn is betng plotted as· a functfon of time, the instantaneous. elastic 
effects of the various construction activities are easfly identified by 
obvious discontinuities in these plots. 
For the correct interpretation of the measured strai"ns, it fs 
important to realize that th.ere are no data pOi.nts available for any of the 
strain meters for the time period exte.ndfng from the time at whi.ch the 
continuity tendons for intermediate structure.9 were stressed to the ti.me 
at which the closure segment for the. final s.tructure was cast.. Th. 1.5; me.ans 
that the variations i.n concrete strain that took place during this time 
period are unknown. 
11 "l" I'\L ____ •• _..L..! __ _ 
't. t:::.. I VlJst:~rv d l, I Uri::; 
Analysis 1 (see Figures 4.3 through 4.11): Bearing in mind the 
scatter inherent in the me.asured strains, the predicted strains compare 
very well with. meas.ured values. The shapes of the calculated curves as 
well as the magnitude of the calculated total time-dependent strains com-
pare well with th.e measured q.uanti ties. As far as th.e sh.apes of the total 
concrete strain versus time curves are concerned it appears as if the 
trends of the measured curves are followed by the calculated curves for the 
first 250 days. Beyond the first 350 days the trends of the measured 
curves are not followed by the estimated curves, but it appears that a hint 
of these trends is present in the calculated curves in the vicini.ty of 300 
days. The fluctuations of the time-dependent strain which characterize the 
trends referred to above seem to be ampl ifi.ed for segments further away 
from the pier, especially in the case of the calculated curves. 
Analy~is 2 (see Fi.gures 4.12 through. 4. 20): For times 
beyond 300 days it appears. that the magnitude and shape of the 
generated t.otal concrete str·ain versus time. curves closely· 
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approxi.mate the magni tude and shape of tfie .meas-ured curves. Once .. again, 
thts comparfson should be seen iOn tne 1 fght of the scatter of the experi-
menta 1 data. Prior to 30.0 days· tn.e shapes of the generated curves do not 
agree wi"th. those of the measured curves:. The time-dependent parts of the 
generated curves are, relatively speakttlg, s·mooth when compared to the 
experimentally determ·ined curves as w.ell as ttie curves generated by 
An a 1 y sis· ·1. 
Analysis 3 (see Ftgure.s 4.21 through 4.29J: The magnitude.s of the 
calculated curves of total concrete strai·n versus ti·me are consistently 
smal1e.r than the experimentally determi..ned curves. The time-dependent 
parts of the generated curves. are smooth and do not reflect any of the 
fluctuations inherent in the curves obtained from the measurements of strain 
on the bridge. 
Compared to the experimentally determined values of total strai.n it 
appears that Analysis 1 yielded the best values for total strain and 
Analysis 3 the worst. 
At all stages Analysis 3 yielded values of concrete strain that 
were significantly lower than the values. calculated by either one of the 
other analyses. A significant contributor to this observation appears to 
be the very high val ue of the concrete modulus of elasticity associ.ated with 
the C.E.B. recommendations. When compared to the concrete modulus of 
elasticity used for Analysis 1 it is 36 percent hjgher at 28 days, and 
54 percent higher at 360 days. For the case of Analysis 2, a simi.lar com-
parison sh.ows that th.e C.E.B. recol11Tlendations predict a concrete modulus 
of elasticity 34 percent higher at 28 days, and 50 percent nigher at 360 
days. This high value for th.e concrete modulus of elasti.city led to rath.er 
low predicted values for i.nstantaneous elastic strains. Th.is poi.nt is 
clearly illustrated by compari.ng the magnitude of the total concrete strai.ns 
obta ined from Ana lys 1.s 3 to the correspond tng s tra ins obta tned from th.e 
other two analyses for the time period pri.or to the time at w·hich the 
continuity tendons th.at establish. conti.nutty of intermediate structure 9. 
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were stressed. During th.is: time perfod th.e concrete strains: tn th.e ins.tru-
mented s.egments are primarfly due to fnstantaneous el asttc effects" 
In vi.:ew of the very hfgn value of the concrete modul us of 
e.lasticity predicted by tria C.E'\B. re.commendations, it may be tempting to 
use tne procedure outlined by thes:e recorrone.ndattons to calculate the creep 
and shrin kage properties' of the. concrete wi. tho an. adjusted low'er value for 
the. modulus of elasticity. Tfiis WDuld, fiowever, he incorrect because. the. 
creep strain calculation is has:ed on tne fnfti.al instantaneous. elastic 
strain which., in turn, dtre.ctly involves the modulus of elasticity of ttie. 
concrete. Consequently tfie mul tfplying factors· tnat determine the creep 
factor (see Sect. 2.2.3.11 will i.mpli.cftly reflect the h.igh. value of th.e 
modulus of elasti.city prescrib.ed by the C.E.B. recommendattons. 
The total time-dependent strai.n predtcted by Analysis. 3 is sub-
stantia lly lower than that pred i.cted by eith.er of the oth.er two ana lyses. 
The difference in tfie total time-dependent strains predicted by Analysis 1 
and Analysis 2 decreases as tlie section considered ;s located further from 
the pier. These trends are illus:trated in Table 4.1. It should b.e noted 
that the values presented in Table 4.1 are b.ased on the total change in top 
and bottom f'fber concrete strains, excluding elastic effects, for the time 
period defined by the time at whi.ch. the tendons th.at establ ish continui ty 
of intermediate structure 9. are stressed and the time up to whtch the 
analysis is carried. During this. time period the majority of the time-
dependent deformation takes place. 
4.2.2 Discussion 
The shapes of the total concrete strain versus time curves for the 
case of the analysis of the Kishwaukee River Bridge highli.ght some 
important poihts that deserve special attention. 
Comparing the shapes of the specific creep curves as well as the 
snri.nkage curves used i:n Analysis 1 and Analysis 2 (see. Figures B .. 5 through 
B.10), and bearing in mind th.at the creep and' shrinkage curves as predicted 
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by- the C.E.B. recormnendations are smooth, it appears that the greatest dif-
ferences in the shapes of these curves apply to the case of shrinkage. In 
particular, the shrinkage curve obtained from the outdoor stored specimens 
(see Figure B.10) shows a period of swelling (age 100-200 days) followed by 
a period of shrinkage (age 200-400 days). Since the tests for determining 
this shrinkage curve was started during the sumner, the onset of the period 
of swelling was marked by the commencement of winter so that this swelling 
may have been associated with the increase of relative humidity that 
usually occurs during winter. It also appears as if the onset of another 
period of swelling is marked by a concrete age in the vicinity of 400 days. 
Unfortunately, there are no data points between a concrete age of 407 and 
792 days to substantiate the above speculation. Bearing in mind that the 
instrumented segments were erected about 100 days after the end of curing 
(see Appendix B), the first IIdip" in the shrinkage curve, described above, 
should correspond to the time period defined by the first 250 days after 
erection of the segments. Inspection of Figures 4.3 through 4.11 clearly 
indicates the profound influence that the shape of the shrinkage curve has 
on the time-dependent strains. The second IIdipli in the shrinkage curve is 
also reflected in the results generated by Analysis 1. The implication that 
the shape of the shrinkage curve is an extremely important factor in 
establishing the trends followed by the time-dependent concrete strains is 
substantiated by consideration of the shapes of the total concrete strain 
versus time curves generated by Analysis 2 (see Figures 4.12 through 4.20). 
The trends present in the results generated by Analysis 1 are markedly 
absent in these curves primarily due to the fact that these trends are also 
absent in the shrinkage curve used for Analysis 2 (see Figure B.8). 
Furthermore, the "dipll near the end of the shrinkage curve for the laboratory 
stored specimens is reflected in the results generated by Analysis 2. 
The effects of the shape of the shrinkage curve on the trends fol-
lowed by the total strain appear to be more apparent for sections further 
away from the pier, especially in the case of Analysis 1. The reason for 
this most probably lies in the fact that the section close to the pier was 
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sub.j ected to nigher compressi. ve stresses and cons.equently the, component of 
the time-dependent deformati'on due to cre.ep was. greater i,n this: re.gion, 
thus offsetting the relative i'mportance. of the i,nfluence of sfirinkage on th.e 
time-dependent strains. It is of interest to note that for the results of 
Anal ys i.s, 2 the above trend does not rea 111' app 1y, fiecause the. S 1tght "di.p II 
in tne shrinkage curve for tfiis: case. takes place about 300. days, after the 
se.gments were initially loade.d. 8.y that time th.e greatest portfon of creep 
could have been expected to have. taken place S'o that any changes fn 
shrinkage taking place at that time may tie expected to have flad a -major tn-
fluence on the total time-dependent strain. 
In the 1 ight of the above drs'cussion it would thus appear that 
shrinkage has an extremely i,mportant fnfl uence on the tota 1 ttme-dependent 
stra ins to be expected in structures of the. type under cons i dera tion here, 
wnere the segments are old when e.rected. Specifically, it was only the 
analysis that incorporated the shrfnkage. curve obtai,ned experimentally 
from outdoor stored speci~ens that could correctly predict the seasonal 
fluctuations of the total concrete strains. It is quite obvious that these 
seasona 1 fl uctuat 10ns cannot be correct ly predi.cted when the materi,a 1 
properties used in the analytical procedure are based either on results 
experi,mentally obtained from laboratory stored specimens or on the recom-
mendations of the C.E.B. It should also be mentioned that the data 
obtained from the outdoor stored specimens inherently reflect the effect of 
tb.e varyi.ng environmental factors, e.g. temperature and relative humidi.ty, 
to wnich the structure was sub.jected on the time-dependent properties of the 
concrete. These effects cannot be reflected by the data obtai.ned from the. 
1 aboratory stored speci.mens or the C. E.B. recommendations. The data ob-
ta i.ned from the 1 aboratory stored specimens has the advantage over that 
obta ined from the recomnendat ions. of the C. E. B.. tn that the tnfl uence of the 
i.ntri.ns i.c factors on the rhea 1 ogtca 1 properties: of the concrete are more cor-
rectly determi.ned. 
For the particular case. where. the structure i,s butl t out of seg-
ments that are old at the t i,me of erect; on, as ts the case for the 
Kishwaukee River B.ridge, the i.ni,tial part of shrinkage has no structural 
effect b.ecaus.e it takes place pri.or to erection of the segments. Thus, as 
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far as the structural analysis of the Kishwaukee River Bridge is concerned, 
it is only the part of the shrinkage curve beyond a concrete age of about 
100 days that is of interest. If these portions of the shrinkage curves 
for the outdoor and laboratory stored specjmens are compared (see Figures 
B.8 and B.10), it becomes clear that even though a major portion of the 
shrinkage at 800 days has developed at 100 days for both specimens, the 
. behavior beyond 100 days differs greatly for the two specimens. The 
effects of these differences in the shrinkage curves on the structural 
behavior is of great importance, as has been illustrated above. It is thus 
suggested that when a shrinkage curve is obtained from outdoor specimens 
for use in an analysis such as that being performed in this study, 
measurements of shrinkage strain should be taken at time intervals that 
are short enough to include all the seasonal fluctuations in the shrinkage 
curve. This procedure should be followed for a time period of at least two 
years. This stands in opposition to the generally accepted practice emp-loy-
.ed in determini.'ng th.e. shrinkage curve for 1 aboratory stored specimens ·where 
the initial part of the curve is carefully determined and the later part 
determined on the basis of measurements of shrinkage strain taken at 
successively larger time intervals. The justification for each of the above 
procedures lies in the difference in shape of the shrinkage curves obtained 
from outdoor and laboratory stored specimens. 
For the present analysis each segment in the entire structure was 
assigned the same material properties. Bearing in mind the fact that the 
various double cantilevers were not constructed at the same time of the year 
and that the segments were not cast at the same time, it becomes clear that 
for Analysis 1 the seasonal depe~denceof shrinkage is, strictly speaking, 
correctly reflected by the analysis only for the case of the instrumented 
cantilever. Judging by the agreement obtained between the time-dependent 
strains generated by Analysis 1 and the measured values for the instru-
mented segments, it would appear that for the particular structure under 
consideration herein, this effect was not of great importance on the cal-
culated strains for the instrumented segments. Some of the effects of 
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starting the creep and shrinkage tests at the correct time may be illus-
trated by referring to Sect. 2.2.3.2 where it was pOinted out that 
Hernandez and Gamble (28) found that the expected creep and shrinkage 
curves resulting from outdoor stored specimens could be satisfactorily 
approximated by using ·50 percent relative humidity for creep and 80 
percent relative humidity for shrinkage tn conjunction with the C.E.B. 
recommendations. This was found not to be entirely true for the creep and 
shrinkage curves obtained from the outdoor specimens reported in the 
present study (see Figures 2.9 and 2.10). One important difference between 
the tests r~ported in Ref. 28 and those reported herein lies in the fact 
that the former tests were started duri ng the winter wh i 1 e th.e 1 atter ones 
were started during the summer. A suggestion for the possible solution to 
this problem would be to associate a particular shrinkage curve with the 
segments comprising a particular double cantilever, so that the seasonal 
effects are correctly accounted for in eac~ double cantilever. It is, 
h.owever, recomnended that th is matter be pursued ina further study. 
Because the specimens used for experimentally determining creep 
and shrinkage curves were small when compared with the actual segments 
which comprise the structure, these curves had to be modified for use with 
Analysis 1 and Analysis 2 in order to account for the influence of size 
on shrinkage and creep. This effect was accounted for in the present study 
by multiplying the experimentally determined creep and shrinkage curves 
with multiplying factors. These multiplying factors were determi.ned by 
making use of the C.E.B~ multiplying factor Ke , which accounts for the 
effect of member size on creep and shri. nkage (see Sect. 2.2.3 and Fi gures 
2.5 and 2.8). For creep a ~alue of Ke corresponding to the creep specimens 
and a value corresponding to the actual segments were determined. The multi.-
plying factor used for adjusting the creep curves was subsequently found 
by calculating the ratio of the Ke value for the segments to the Ke value 
for the creep specimens. The multiplying factor applied to the shri.nkage 
curves was determined as for th.e case of creep, the on ly difference being 
" 
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tnat the Ke values that apply to shrinkage were used. Following the 
above procedure multiplying factors of 0.77 and 0.56 were derived for 
creep and shrinkage~respectively. These values were used for both Analysis 
1 and Analysis 2. This procedure obviously only accounts for the in-
fluence of the size of the member on the magnitude of creep and shri'nkage, 
but does not reflect the influence on the rates of creep and shrinkage. 
,This procedure appears to be satisfactory when viewed in the light of the 
results of the comparisons of the total concrete strains generated by 
Analysis 1 and Analysis 2 with the measured strains. 
For the particular case of Analysis 1, experimentally determined 
specific creep curves were available for only one particular age at 
loading, namely 28 days. This means that the method used in this analysis 
for evaluating creep strains reduced to the rate of creep method (see 
Sect. 3.2.4) for the case of Analysis 1. Because the majority of the 
segments were erected at least 100 days after being cast (some of the 
segments were substantially older than 100 days at the time of erection) it 
would appear reasonable to assume that the multiplying factor through which 
the specific creep curve was modified to introduce the influence of size 
on creep into the calculations should actually be interpreted as a factor 
that modifies th~ creep curve to include a combination of the effects of 
size as well as age at loading on creep. These remarks apply specifically 
to Analysis 1. As more experimentally determined specific creep curves 
corresponding to different ages at loading become available, the curves 
themselves properly reflect the effects of the age at loading on creep so 
that the multiplying factor,described in the previous paragraph, can be 
more correctly interpreted as reflecting the influence of the size of the 
member on creep. Analysis 2, where specific creep curves corresponding to 
three different ages at loading were available, is such a case. Thus, to 
summarize, the multiplying factor used to modify the experimentally de-
termined specific creep curves used in the analysis should be interpreted 
as reflecting not only the influence of the size and shape of the member on 
creep but also the influence of the age at loading on creep. This will 
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depend on the number of experimentally dete.rmined specific creep curves 
available for the analysts as well as th.e differences between the ages 
at which the segments were erected and the ages at loading corresponding to 
the available specific creep curves. 
Because of the substantial differences in the material properties 
used in the three analyses it i.s difficult to comnent meaningfully on the 
relative merits of the procedure proposed in Sect. 3.2.4 for the calculation 
of creep strain in a situation where the concrete stress continually varies. 
On the basis of the comparison of the measured strains with the total con-
crete strains calculated in Analysis 2, where the proposed procedure was 
used in conjunction wi.th three specif;c creep curves, it may be said th.at 
this procedure performed satisfactorily. It is, furthermore, of interest to 
note that the rate of creep method used with Analysis 1, as explained 
above, also yielded satisfactory results. In the case of Analysis 3 the 
method of superposition was used to calculate creep strains. When con-
sidering the time-dependent strains, it should be kept in mind that the 
creep strains calculated by each of the above-mentioned analyses inherently 
reflected the biases present in each of these methods, depending on whether 
th.e concrete stress was increasing or decreasing (see Sect. 3.2). 
In conclusion, it would thus appear that the influence of the 
variable environment on creep and shrinkage had a profound effect on the 
long-time behavior of the structure. Indeed, for the structure under con-
sideration here, it is imperative. that the se.asonal variations of the 
shrinkage strain be correctly included in the analysis in order to correctly 
forecast the time-dependent strains of the structure. If the structure is 
considered by the analysis as a filter that modifies the input parameters 
to yield the structural response, it is clear that the quality of th.e 
calculated response will directly reflect the quality of the input parameters. 
For the Kishwaukee River Bridge the relative importance of shrinkage in a 
variable environment was most probably amplified by the fact that the 
segments were old when erected so that the creep pote.nti al of the concrete 
was somewhat reduced. 
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4.3 Measured and Analytically Obtained Transverse Deflections 
In addition to recording the concrete strains at segments SB1-Nl, 
SB1-N9 and SB1-N16, measurements of the transverse deflection at each of 
these segments as well as at the corresponding segments in the opposite 
cantilever were taken. Ball-shaped reference points for level readings 
were installed on the underside of the top flange so that for each of the 
above-mentioned segments deflections could be measured at the centre of the 
cross -secti on and at 66 in. (1 .676 m) off center. The pi er segment was 
chosen as a fi xed reference to whi.ch all measurements of defl ecti on were 
referred. 
The deflected shapes of the instrumented cantilever as generated 
by AnalysiS 1 at various stages of construction are presented in Figure 
4.30. These deflected shapes serve to illustrate the opposing effects of 
the prestressing force and the self-weight of the structure on the deflec-
tion. For the cantilever the ~ffect of the prestressing force is to 
produce an upward deflection while the effect of the self-weight is to pro-
duce a downward deflection. Judging by the deflected shapes presented in 
Figure 4.30, the prestressing force has the dominant effect during the 
initial construction stages, as indicated by the upward deflection of the 
cantilever. During the later construction stages the self-weight has the 
dominant effect on the deflected shape, as indicated by the net downward 
deflection of the cantilever for these stages of construction. These trends 
are to be expected when consideration is given to the increased moment due 
to the increased lever arm, and the decreased prestressing force due to a 
decreased number of tendons, during the later construction stages of the 
cant i 1 ever. 
When segments were erected metal shims were used to correct align-
ments. This procedure may be expected to induce discontinuities in the 
slope of the cantilever at the interface of adjacent segments and, as such., 
induce vertical deflections. These components of deflection are of a rigid 
body nature and cannot be expected to induce any stresses in th.e structure. 
Since the magnitude of these corrections were unknown, they could not 
be included in the calculation of the deflected shapes given in Figure 4.30. 
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It would, however, be a simple matter to include these deflections in the 
calculated results if their magnitudes were known so that a direct com-
parison with measured deflections would be possible. No measurements of 
deflection were taken during t~e period of construction of the instrumented 
cantilever due to the tight construction schedule. Initial deflection 
measurements were started after completion of this cantilever. 
The changes in the downward deflection of segment SB1-N16 which 
took place after the time of completion of the final structure as pre-
dicted by all three analyses are presented in Figure 4.31. For this figure 
the origin of the time scale coincides with the time at which the tendons 
which establish continuity of th~ final structure were stressed. The 
measured changes in deflection of segment SB1-N16 since the time of 
completion of the final structure are listed in Table 4.2. It is 
important to note that it is the change in transverse deflection that is 
being considered here and not the total deflection. 
It should be pointed out that once a double cantilever was joined 
to an intermediate structure and the support released, this double canti-
lever was placed on permanent bearings at the prescribed elevation. This 
operation in general involved a transverse deflection of unknown magnitude. 
If the resulting intermediate structure was statically indeterminate this 
operation may be expected to modify the stresses in the structure to some 
extent. However, since the magnitude of these displacements were unkno~m 
it was not possible to account for these effects. In view of the excellent 
agreement that exists between the concrete strains generated by Analysis 1 
and the measured strains· it seems reasonable to assume that the effects of 
these operations were not very important. It should be realized that 
because of the unknown magnitude of the deflections induced in the structure 
by the corrections in alignment during construction of the cantilever, as 
well as by the· seating of the double cantilevers on permanent bearings, the 
calculated deflections cannot be directly compared to the actual deflections 
of the structure. Because no construction activities took place once the 
final structure was completed, the calculated change in transverse ,deflection 
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which took place during this time period may be compared to the change in 
measured deflection. 
Before the measured and calculated deflections are compared it is 
first necessary to mention the failure of a number of joints between the 
segments of the completed structure. Th.e failure of these joints were dis-
covered just after completion of the final structure and was evidently 
,due to the fact that the epoxy in the joints between the affected segments 
did not properly harden (16). One of the results of this problem with the 
epoxy was that it could not have been counted on to transfer much shear 
force from one segment to the adjacent segment so that the shear was trans-
ferred primarily by the shear keys. Because these shear keys were 
reportedly designed to resist shear forces during erection only and not the 
total shear force after completion of the structure, it is not surprising 
that this weakness of the epoxy manifested itself in severe cracking and 
spalling of the concrete tn the webs of the pier segments of double canti= 
lever SB1. The joints affected by the defective epoxy included the instru-
mented segments. Evidently one corner of the bottom slab of segment SB1-Nl 
dropped 5/8 in. (15.9 mm) relative to the bottom slab of the pier segment 
SB1-NO (16). The final structure was subsequently repaired by inserting 
stainless steel pins in the webs of the segments at the affected joints so 
that these pins acted as shear keys (16). Checks of the instrumentation in 
the bridge as carried out by the P.C.A. staff indicated that the Carlson 
strain meters were unaffected by the cracking which resulted from the fail~ 
ure of the joints, so that the measurements of concrete strain as obtained 
from these meters in the affected regions were still valid. It is, how-
ever, not reasonable to expect that the transverse deflections were 
unaffected by the failure of the joints. 
For the first 91 days after completion of the final structure, the 
measured values of transverse deflection indicate that the downward 
deflection of segment SB1-N16 increased by 0.78 in. (19.8 mm} during th.is 
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time period (see Table 4.2). Tne results of Analysis 1 indicate an in-
crease in the downward deflection of segment SB1-N16 of approxi"mately 
0.04 in. (1.0 mm) during th5s time period (see Figure 4.31). Since th.e 
time period considered above includes the time at which the failure of 
the joints were discovered, it seems reasonable to assume that the 
discrepancy in the measured and calculated change in the downward deflection 
of segment SB1-N16 during this time period is primarily due to the failure 
of the joints'. For the following 200 days the values of the measured 
deflection indicate an increase in the downward deflection of segment 
SB1-N16 of 0.07 in. (1.8 mm) "/hich compares rather well with the tncrease of 
approximately 0.05 in. (1.3 mm) as predicted by Analysis 1 for this time 
period (see Figure 4.31 and Table 4.2). 
During the time period defined by 288 and 538 days after completion 
of the final structure the measured values of deflection indicate a net 
increase in the downward deflection of segment SB1-N16 of 0.53 in. (13.5 mm) 
(see Table 4.2). The results of Analysis 1 indicate an increase in the 
downward deflection of segment SB1-U16 of approximately 0.05 in. (1.3 mm) 
for the same time period (see Figure 4.31}. Some preliminary calculations 
have indicated that this discrepancy between the measured and calculated 
change in deflection cannot be entirely explained in terms of the effects of 
'the differential temperature distribution through the depth of the super-
structu're of the bridge. It, however, appears as if the measurements of 
deflection were taken under extremely adverse conditions and, as a result, 
cannot be expected to be as reliable as the measurements of concrete strain. 
Some of the sources to be blamed for the far from ideal conditions under 
which measurements of deflection were made appear to have been the poor 
1 ight (measurements were taken inside the box girder) as well as the effects 
on the precise level of vibrations set up in the structure by the movement 
of h.eavy equipment across the bridge while measurements were taken. 
Comparison of the magnitude of the changes of deflectton of segment 
SB1-N16 as predicted by the three analyses for the time period associated 
with the final structure clearly illustrates that the magnitude of the 
deflections predicted by Analysis 3 is substantially smaller than those 
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predicted by the other two analyses (se.e Figure. 4.31). This observation is 
in accordance with the relative magnitudes of the concrete strains predicted 
by the three analyses (see Sect. 4.2.l). 
The curvatures at each of the instrumented segments as predicted by 
all three analyses are presented in Figures 4.32 through 4.34. A curvature 
corresponding to sagging is taken as positive. The small changes' in curva-
ture at the instrumented segments for the time period associated with the 
final structure serve to illustrate that a large portion of the time-
dependent strain induced only an axial shortening of the final structure. 
The small change in transverse deflection in the final structure as 
predicted by all three analyses is the re~ult of these small changes in 
curvature. 
5. CALCULATED FORCES AND STRESSES OF THE 
KISHWAUKEE RIVER BRIDGE 
5.1 Introduction 
The deformations of a prestressed concrete member due to the time-
dependent material properties of the concrete and steel will in general 
lead to a loss of prestressing force. These time-dependent strains will 
also tend to induce a time-dependent redistribution of bending moment for 
the specific case of a bridge constructed by the cantilever method. These 
time-dependent changes in prestressing force and bending moment will, in 
turn, combine to modify the concrete stresses 'in the structure. It should 
thus be clear that the prestressing force, concrete stresses and bending 
moments may be expected to change with time for the case of a prestressed 
concrete bridge built by the cantilever method. It should be pointed out 
that the time-dependent redistribution of bending moment will take place 
only after the structure becomes statically indeterminate. 
The importance of having a knowledge of how these above-mentioned 
quantities change with time should be obvious. Consequently, the total pre-
stressing force, concrete stresses and bending moments as predicted by 
Analysis 1, Analysis 2 and Analysis 3 (see Section 4.1) are presented and 
discussed in the following sections. As before, th.e results of Analysis 1 
and Analysis 2 may be contrasted with each other in order to illustrate 
some of the effects of the variable outdoor environment on the time-depend-
ent behavior of the structure. A comparison of the results of Analysis 2 
and Analysis 3 may be used to illustrate the relative quality of the 
results which may be expected when the C.E.B. recoJlJllendations (11) instead 
of experimentally obtained data from laboratory stored specimens are 
used to predict the time-dependent material properties of the concrete. 
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The majority of the results presented herein apply to the instrumented 
segments, SB1-Nl, SB1-N9·and SB1-N16. 
During the course of the construction process of segmentally 
erected bridges a very strong possibility always exists that construction 
loads may be imposed on the structure. Indeed, for the case of the 
Kishwaukee River Bridge the launching girder was positioned in such a manner 
during tne winter construction shutdown so as to impose loads on the un-
completed structure. These loads thus acted on the uncompleted structure 
for a time period of approximately 5 months. In order to illustrate some 
of the effects of the application and subsequent removal of the construc-
tion loads the structure was analyzed so as to include the application and 
removal of these loads. The material properties of concrete obtained 
experimentally from the outdoor stored specimens were used for th.e purposes 
of this analysis. This p~rticular analysis was desigriated Analysis 4. 
The results predicted by Analysis 1 and Analysis 4 are compared in 
Sect. 5.5 in order to illustrate some of the effects on the time-depend-
ent behavior of the structure of the construction loads. 
Unless explicitly indicated otherwise, the origins of the time 
scales for each of the plots that apply to tn.is chapter were taken as the 
day of erection of the particular segment to which the plot being considered 
applies. In order to identify the time periods associated with inter-
mediate structure 9 and the final structure for segmentsSB1-Nl, SB1-N9 
and SB1-N16 reference should be made to Figures 4.3, 4.6 and 4.9, 
respectively. Appendix B also contains information about ages at time of 
erection. 
5.2 Prestressing Force 
As pointed out before, the general effect of the time-dependent 
concrete strain on the prestressing force in a prestressed concrete structure 
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is to reduce the prestressing force. There is a further loss of pre-
stressing force associated witn the stress relaxation of the steel which 
takes place in the absence of strain. Since the stress field that pri-
marily resists the loads applied to a prestressed concrete structure is 
provided by the presence of the prestressing force, it is of importance to 
predict the total prestressing force with reasonable accuracy. In what 
follows the total prestressing forces predicted by the three analyses are 
presented and discussed. It should be pOinted out that in addition to 
these time-dependent losses of prestressing force the immediate losses due 
to the effects of friction and anchor-set, as well as the elastic shorten-
ing of the member, were included in the analysis process. In this secti.on, 
however, attention is focuse~ primarily on the time-dependent character of 
the prestressing force. 
Table 5.1 summarizes the time-dependent components of the prestress 
losses as predicted by each analysis for the time period from the time 
when the tendons which establish continuity of intermediate structure 9 
were stressed, up to the last time interval considered. These losses are 
expressed as a percentage of the total prestressing force existing at the 
particular segment being considered just after the tendons that establish-
ed continuity of intermediate structure 9 were stressed. Most of the 
time-dependent losses appear to have taken place during the time period 
descri.bed above. Clearly, the magnitude of the time-dependent component of 
the loss of prestressing force is very small. It should, however, be 
emphasized that the values presented in Table 5.1 only represent the 
time-dependent component of the prestress loss and that the instantaneous 
losses due to elastic shortening and friction losses are excluded. Time-
dependent losses which occurred before continuity was established are also 
excl uded. These losses were, of course, incl uded in the ana lyti ca 1 process 
and are consequently reflected in the magnitude of the predicted values of 
total prestressing force. The losses predicted by Analysis 1 are the 
largest while those predicted by Analysis 3 are the smallest at the segments 
considered. Furthermore, the losses predicted by AnalysiS 1 and Analysis 
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2 do not differ greatly while the losses predicted by Analysis 3 differ 
somewhat more significantly from those predicted by the other two 
analyses. These trends were to be more or less expected since they are 
consistent with the relative magnitudes of the concrete strains predicted 
by the three analyses. 
It is, however, not the loss of prestressing force, per se, that 
is of importance in design practice but rather the total remaining pre-
stressing force. As illustrated by Figures 5.1 through 5.3 as well as 
Table 5.1, the total remaining prestressing forces predicted by the three 
analyses do not differ significantly .. The final values of prestressing 
force referred to in Table 5.1 are the predicted values at, the time up to 
which the analyses were carried. This observation is rather significant, 
especially when viewed in the light of the substantial differences in the 
values of predicted concrete strain, especially for the case of Analysis 3. 
The reason for this apparent insensitivity of the total prestressing force 
to the concrete material properties most probably lies in the rather small 
loss of prestress exhibited by the structure. Even large differences in 
this small loss will reflect as small differences in the total prestressing 
force. 
The shapes of the prestressing force versus time curves closely 
reflect the shapes of the concrete strain versus time curves. These trends 
are especially apparent in the results of Analysis 1 due to the degree of 
the fluctuations present in the concrete strain versus time curves generated 
by this particular analysis. The time-dependent strains generated by 
Analysis 1 are characterized by a period during which the strains develop at 
a reduced rate followed by a period during which the rate is substantially 
increased (see Figures 4.3 through 4.11). These trends take place during 
the first 250 days after erection of the instrumented segments. Inspection 
of Figures5.l through 5.3 will reveal that the period of reduced strain 
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is accompanied by a reduced rate of loss of prestress while th.e period of 
increased rate of strain is accompanied by an increased loss. of prestress. 
As for the case of the total concrete strains, the observation that the 
magnitude of these fluctuations are increased for sections further from 
the pier is also appli~abl~ to the results of total prestressing force. The 
shapes of the curves of prestressing force versus time as predicted: 
by Analysis 2 and Analysis 3 are smooth as are the curves of total concrete 
strain generated by these analyses. The fluctuations present in the 
curves of concrete strain versus time as generated by Analysis 2 (see 
Figures 4.12 through 4.20) are also properly reflected by the total pre-
stressing force curves determined by this analysis. These observations 
serve to anphasize the inability of tne analyses that do not make use of 
the concrete material properties obtained from outdoor stored specimens to 
predict the time-dependent behavior of the structure correctly. It should. 
be kept in mind that, as mentioned before, the total prestressing forces 
predicted by the three analyses do not differ significantly, primarily due 
to the fact that the time-dependent loss of prestress is small. 
The time-dependent behavior of concrete will induce a loss of 
prestressrtng force due to the resulting strain as distinguished from the 
effects of relaxation of the prestressing steel reinforcement, which will 
induce a loss of prestressing force in the absence of strain. The 
instantaneous elastic strains due to later applications of load, such as 
the erection of segments and the stressing of tendons, will also induce a 
change in the total prestressing force. It is thus clear that the time-
dependent strains will to a large extent control the amount of prestress 
loss. It is important to realize that the magnitude of these time-depend-
ent stra ins are in turn dependent on the prestress loss. The prestress 
loss induced in the first place by the time-dependent concrete strain will 
lead to a change of concrete stress. ·This change in concrete stress will 
in turn affect the rate at which creep of the concrete takes place, thus 
affecting the overall rate at which the time-dependent concrete strain 
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proceeds. A si.milar interaction exts,ts between tne development of th.e ti,me-
dependent concrete strains and the stress relaxation of the steel. These 
complex interactions are approximately accounted for in the analysts by 
discretising the analysis in the time domain and following th,e relevant 
basic assumptions outlined i:n Sect. 3.6. 
The prestress losses due to the various time-dependent effects as 
predicted by the three analyses are summarized for each of th.e i.nstrumented 
segments in Table 5.2. The losses presented in this table represent the 
total losses from erection of each segment due to each of the time-dependent 
effects including the corrections due to elastic recovery of the concrete. 
The effects of the moment redistribution due to each of these time-dependent 
effects on the prestressing force, although accounted for in the analytical 
procedure, are not included in these values. 
Comparison of the time-dependent losses predicted by Analysis 2 
with those predicted by AnalysiS 3 reveals that the sum of the losses due 
to shrinkage and creep are larger for the case of Analysis 2 while the 
losses due to relaxation are larger for the case of AnalysiS 3. This trend 
applies to all three segments considered and is most probably due to the 
fact that the higher losses due to creep and shrinkage as predicted by 
Analysis 2 led to lower steel stresses which in turn led to lower relaxation 
losses as compared to the values predicted by Analysis 3. The higher value 
of the concrete modulus of elasticity used for Analysis 3 also possibly 
contributed to this trend because it is associated with smaller concrete 
strains for instantaneous elastic effects which will lead to higher steel 
stresses and consequently higher relaxation losses. It is important to 
note that the total prestressing force, and consequently the steel stress, 
predicted by AnalysiS 2 is consistently lower than those predicted by 
Analysis 3 at all timeso This may be verified by inspection of Figures 5.1 
through 5.3. 
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A similar comparison of the prestress losses predicted by Analysis 
1 with those predicted by Analysis 2 yields the somewhat surprising result 
that although the sum of the creep and shrinkage losses predicted by 
Analysis 1 are larger than those predicted by Analysis 2, the relaxation 
losses predicted by AnalysiS 1 are also larger. This trend, which applies 
to all three of the instrumented segments, apparently contradicts the trend 
established by the comparison of the results of Analysis 2 with those of 
AnalYSis 3. The explanation lies in the manner in which the prestress 
losses developed. Inspection of Figures 5.1 through 5.3 reveals that 
during the initial period under load the total predicted loss of prestress-
ing force is somewhat less for the case of Analysis 1. This means that 
during this initial time period the steel stresses predicted by Analysis 1 ' 
were higher and consequently the predicted losses due to relaxation pro-
ceeded at a higher rate than for the case of Analysis 2. Because the 
greatest part of the expected relaxation loss takes place during the 
initial time period under load, it appears that the diminished rate at 
which the predicted prestress losses developed for the case of Analysis 1 
was a prime contributor to the trend described above. It is of interest to 
note that since the reduced rate at which the predicted prestress losses 
developed for the case of Analysis 1 may be related to the manner in which 
the rheological properties of the concrete (specifically shrinkage) are 
affected by the varying outdoor environment to which the structure was 
actually subjected, the trends described above serve to illustrate some of 
the effects of the complex interaction of creep, shrinkage and relaxation on 
the time-dependent behavior of th.e structure. Although the differences in 
the predicted values of relaxation loss referred to above are small, the 
trends established by the comparisons are useful in explaining some of the 
aspects of the time-dependent losses of prestressing force. 
T'--'~.·.-- . 
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5.3 Bending Moment 
One of the features that characterizes the b.ehavior of segmental 
prestressed concrete bri'dges built by the cantilever method is the time-
dependent redistribution of bending moment. References (411 and (46) 
point out that for the case of a continuous prestressed concrete bridge cast 
in-situ on falsework creep will not induce any time-dependent redistribution 
of bending moment because the creep strains in the structure are allowed 
to develop in a stress field that corresponds to the original boundary 
conditions of the structure. In general, this statement is true only when 
the restraining effect of the steel reinforcement is ignored. In the 
present study this restraining effect is accounted for by the procedure fol-
lowed to account for the effects of elastic recovery. For the case of 
bridges built by the cantilever method the stress field set up by the self-
weigh.t of the structure obeys the boundary conditions that correspond to a 
cantilever. When adjacent cantilevers are joined to form new intermediate 
structures the original boundary conditiDns are altered so that creep will 
then develop under a stress field that does not correspond to the original 
boundary conditions. The resulting creep deflections must, however, 
satisfy the current boundary conditions. In order to meet this requirement 
in statically indeterminate intermediate structures, bending moments are 
generally induced in the structure. The same reasoning may be applied to the 
explanation of the development of the time-dependent redistribution of 
bending moment due to creep resulting from stresses induced in the structure 
by loads applied to intermediate structures that do not constitute the 
final structure. Examples of such loads are the secondary moments due to 
stressing of continuity tendons of statically indeterminate intermediate 
structures and the change in moment resulting from the release of supports. 
In the above, the creep effects due to different causes were arti-
ficially separated for purposes of illustration. In the real structure 
these effects take place simultaneously and interact with one another. The 
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effe.cts of shrtnkage and relaxation wi.ll also in general i.nduce a time-
depe.ndent redistribution of bending moment. Once again, it should be kept 
in mind that creep, shrtn ka.ge. and re.l axat ton interact with one another 
with regard to the development of the redistribution of bending moment. 
The structural mechanism whereby the cbange in bending moment due 
to the time-dependent effects. develops may readily be illustrated as fol-
lows. Assume that the time-dependent concrete strains of a statically in-
determinate intermediate structure develops independently of the boundary 
conditions. The structure is then rendered statically determinate by 
artifi.cally removing all th.e interior supports so that the boundary condi~ 
tions correspond to those of a simply supported beam. Using these 
boundary conditions and the time-dependent strains described above, the 
deflected shape of the structure may be determined. In general, the 
deflection of this statically determinate structure at the positions of th.e 
various interior supports will not be zero so that point loads must be 
applied at these positions to restore the geometric boundary conditions. 
The total bending moments induced in the equivalent statically determinate 
structure by these poi nt loads const i tute the ch.ange in bend i ng moment due 
to the time-dependent effects. 
Inspection of Figures 5.4 through 5.9 will reveal that the effect of 
the time-dependent properties of concrete and steel is to induce time-
dependent changes in bending moment th.at are positi've everywhere in the 
structure. That is, the magnitudes of the negative bending moments decrease 
with. time while the magnitudes of the positive bending moments increase 
with time. The bending moments at the interior supports and in the mid-
span regions of the interi.or spans at the time at which the final structure 
was completed and at the last· time i.nterval of these analyses are summarized 
i.n Tables 5.3 and 5.4. These tables also present the percentage change in 
predicted bending moment that takes place during the time period defi.ned by 
the times at which the bending moments are presented. The percentage change 
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was based on the val ue of hending moment existi.ng at th,e time at whi.ch the 
final structure was completed. It should be noted that the total values 
of bending moment include the secondary moments due to tne stressi.ng of the 
conti nutty tendons of statically indeterminate intermediate structures. 
The results of all three' analyses indicate that the percentage 
changes in bending moment in the support regions are small when compared to 
the percentage changes that take place in the mid-span regions. The results 
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of Analysis 1 indicate an 11 percent decrease in moment at pier 1 and a 42 
percent increase in the mid-span moment of span 2. It is of interest to 
note that for each analysis the bending moments at the different piers tend 
to more or less the same value with th.e passage of time. A similar trend 
may be observed for the mid-span moments of the interior spans. Percentage-
wise, the largest change in support moment takes place at pier 1 and the 
largest change in positive moment occurs in span 2. The trend is con-
sistently established by the results of all three analyses .. Tables 5.3 and 
5.4 as well as Figures 5.7 through 5.9 clearly show that at the time of 
completion of the final structure the negative bending moment at pier 1 is 
larger than those at the remaining piers and that the positive mid-span 
moment of span 2 is less than those of the other interior spans. 
Seen in the light of the tendency of the time-dependent redistribu-
tion of bending moment to equalize the negative bending moments at the 
piers and to equalize the positive mid-span moments of the interior spans, 
as well as the tendency to induce changes of moment that are positive 
everywhere in the structure, it may be expected that the greatest change in 
bending moment would take place in the regions identified above for the 
time period under consideration. It should be realized that prior to the 
time at which the final structure was completed the bending moments in the 
component structures constituting intermediate structure 9 were subjected to 
redistribution. 
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It should be noted tnat up to the time that the continuity of i.nter-
mediate structure 9 was established, all . three analyses predict the same 
value of bending moment at each of the three instrumented segments and no 
redistribution of moment was predicted during this time period (see 
Figures 5.4 through 5.6). These results are due to the fact that during 
this time period the instrumented segments formed part of the double canti-
lever SB1, a structure that is statically determinate. Further inspection 
of Figures 5.4 through 5.6 will also reveal that for the time period 
during which the instrumented segments formed part of intermediate structure 
-9 the rate of change of bending moment was somewhat less than that 
associated with the time period during which the segments formed part of 
the final structure. This observation~is generally true· for the results 
generated by all three analyses. Because this trend is somewhat contrary 
to what may be expected when the shapes of the specific creep and shrinkage 
curves as well as the rate at which relaxation proceeds are considered, 
the explanation for this trend should in part be sought in the change of 
boundary conditions of the structure associated with the construction pro-
cedure. The manner in which the time-dependent bending moment varies along 
the structure is also of importance in this regard. 
At a particular point in time the time-dependent change in bending 
m<?l11ent must vary linearly along each span in order to satisfy the conditi.ons 
of static equilibrium. Thus for the side-spans the time-dependent change 
in moment varies l~nearly from a non-zero positive value at the interior 
support to zero at the outer support. For the interior spans the time-de-
pendent change in moment varies linearly from a positive value at one 
support to another positive value at the other support.· It should thus be 
. clear that since the change in moment does not approach z·ero anywnere along 
-an interior span as for the case of a side-span, the change in moments at 
sections along·an interior span should be larger than those for sections 
along a side-span, especially as the section considered approaches the outer 
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support where no change in mome.nt takes place. This is substantiated by 
inspection of the bending moment diagrams presented in Figures 5.7 
through 5.9. For intermedi.ate structure 9 th.e instrumented segments formed 
part of a side-span while for the ffnal' structure they were contained in an 
interior span so that during the' ttme period associated with intermedi,ate 
structure 9 the time-dependent changes of b.endi'ng moment at th.e instrumented 
segments were smaller than those that took, place during' the ti'me peri.od 
associated with the final structure. This argument is supported by the 
observation that the above-mentioned trend becomes more pronounced as the 
segment considered is located closer to pier 1 (see Figures 5.4 through 
5.6). Specifically for the case of segment SB1-Nl, which is located very 
close to pier 1, a negligible amount of moment redistribution was predicted 
for the time period associated witfl intermediate structure 9 (see Figure 
5.4). From a designer's point of view i't is of interest ,to note that the 
greatest time-dependent change in shear force most probably takes place in 
the side-spans due to the fact that the greatest variation of the time-
dependent change in moment with distance appears to take place within 
th.ese spans. 
The time-dependent change of bending moment predicted by Analysis 
1 was consistently larger than the changes predicted by the other two 
analyses for the time period associated with th.e final structure. Compar-
ing the total negative bending moments at pier 1 at the time up to which the 
analyses were carried, Analysis 2 and Analysis 3 yielded values that were 
3.5 and 2.2 percent larger than the value predicted by Analysis 1, 
respectively. A similar comparison of the mid-span moment of span 2 shows 
that Analysis 2 and Analysis 3 yielded values that were 9.8 and 9.5 percent 
smaller than the values predicted by Analysis 1, respectively. Bearing in 
mind the large difference in the values of total concrete strain predicted 
by Analysis 3 as compared to the results of the other two analyses, the 
differences in the bending moments at the supports predicted by the three 
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a na lyses are very small. I.t 1.s., h.owe)ler, fmportan t to note that for the. 
case of th.e positive mid-span moments the differences in th.e values 
predi.cted by Analysis 1 as compared to the values predicted by Analysis 2 
and Analysis 3 are not negligible. For purposes of design it is the 
growth of positive moment that is of prime importance when accounting for 
the effects of the time-dependent moment redistribution so that it would 
appear that the effects of the outdoor environment on the time-dependent 
material properties of concrete are of some importance as far as the time-
dependent increase of positive moment is concerned. 
Inspection of Tables 5.3 and 5.4 reveals that for the ti.me period 
associated with the final structure the percentage change in bending moment 
predicted by Analysis 3 was greater than the change predicted by Analysis 2 
for th.e support as well as the mid-span regions. This trend is also 
present in the instrumented segments as illustrated by Figures 5.4 through 
5.6. In fact, for segments SB1-Nl and SB1-N9 the total negative bending 
moments at the time up to which the analyses were carried as predicted by 
Analysis 2 are larger than th.ose predicted by Analysis 3. The positive 
bending moment at segment SB1-N16 as predicted by Analysis 2 is less than 
the value predicted by Analysis 3. These observations are surprising, 
especially when viewed in the lfght of the substantially greater time-
dependent concrete strains predicted by Analysis 2 as compared to the 
magnitude of the strains predicted by Analysis 3. Bearing in mind the 
structural mechanism whereby the change in bending moment due to the time-
dependent effects develop, it is clear that the magnitude of this change 
in bending moment is dependent not only on the time-dependent deformations 
but also on the modulus of elasticity of the concrete. For given time-
dependent deformations a higher value of the modulus of elasticity of the 
concrete will lead to greater time-dependent changes in bending moment. As 
previously indicated, the value of the modulus of elasticity of the concrete 
used with Analysis 3 was substantially greater than the value used with 
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Analysts 2. It would, ·therefore, appear that as far as the. time-dependent 
redistribution of bend tng moment 1S concerned, the effects of the: greater 
ti.me.-dependent concrete stratns predicted oy Ana lys is 2 was offset by the 
effects of the lower value used for the modulus of elasticity of concrete, 
as compared to the case of Analysis 3. 
It should be pointed out that th.e explanation given above belies the 
extremely complicated nature of the various interactions that influence 
the development of the time-dependent change in bending moment. The changes 
in bending moment induce changes in concrete and steel stress which, in 
turn, influence the rate at which the time-dependent strains develop. 
Bearing in mind that it was these time-dependent strains which originally 
induced the change in bending moment it should be clear that these inter-
actions are not simple and do not readily lend themselves to a simple 
explanation of observed behavior. 
The time-dependent redistribution of bending moment is of importance 
in the design of prestressed concrete bridges constructed in segments by 
the cantilever method. Specifically, the relatively large increase of the 
positive moments in the mid-span regions is jmportant. In the quarter-
span regions the sense of the bending moment may even change (see Figures 
5.7 through 5.9). It is necessary to account for these effects in the design 
of the type of structure under consideration herein by provi.ding either 
tensi.oned or non-tensioned reinforcement to resist the increase of positive 
bending moment, otherwise, unwanted cracking may develop in the affected 
regions. Such cracks have, in fact, been found to develop in structures 
similar to the one under consideration herein, where no provision was made 
for the substantial time-dependent increase in positive bending moment C411. 
5.4 Concrete Stress 
The effect of the time-dependent material properties of the concrete 
and steel is to induce a loss in prestressing force as well as a redistribu-
ti.on of bending moment in the structure. Generally, these effects le.ad 
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directly to a time-dependent ch.ange tn concrete stress in th.e structure. In 
tni.s secti on the concrete stresses predicted by the three analyses are 
presented and di.scussed. Unless: explicit1y s.tated otherwise, all stresses 
referred to herein are compressiVe concrete stresses. 
The stress histories for the extreme top and bottom fibers of each 
of the instrumented segments as predi cted oy each of the th.ree analyses 
are presented in Figures 5.10 through 5.15. The concrete stresses at each 
of the instrumented segments at the time at wh.ich the final structure was 
completed and at the time up to which the analyses were carried are presented 
in Table 5.5. The percentage change of these stresses, based on the value 
of stress at the time of completion of the final structure, that took place 
during the time period associated with the final structure is also 
summarized. 
The general trends indicated by the figures and table referred to 
above are that the stresses in the top fibers increase with time while the 
stresses in the bottom fibers de.crease· w'ith ti.me. The only excepti.ori to 
these trends is to be found in the stress history of segment SB1-Nl for the 
time period corresponding to intermediate structure 9, during which the top 
fiber stress decreases with time and no significant change in the bottom 
fiber stress takes place. 
In order to explain these observed trends it is necessary to 
indicate how the time-dependent changes in prestressing force and bending 
moment each affect the stress in the extreme fibers of a particular segment. 
Because the effect of the ti:me-dependent redistribution of bending 
moment is to induce a cha'nge in moment that is positive everywflere in the 
structure (see Sect. 5.3), the effect of the time-dependent change in bend-
ing moment will be to increase the compressive stresses in th,e top fibers 
and to decrease the compressive stresses i.n the bottom fibers. Furth.ermore, 
a given change ,in bending moment at a particular section will tend to induce 
a change in stress of greater magnitude 1.n the bottom fiber than in the top 
fiber. The reason for this lies in the fact that the bottom fiber of all tfle 
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sections in the bridge being analyzed i.s located at a greater distance from 
tne centroid of the section than the top fiber. According to beam theory, 
the magnitude of the stres:s at any- fiber due to an applied moment is 
linearly related to the distance of the f.iber to the centroid of the section. 
Within the realm of ordinary beam theory the total change of stress 
due to a loss of prestressing force may be consfdered as th.e superposition 
of the changes of stress due to two effects. The first effect is associated 
with the change in axial thrust. This stress i.s uniformly distrihuted 
through the depth of the secti'on and corresponds to the stress resul ti.ng from 
a force of magnitude equal to the change in prestressing force applied at 
the centroid of the section. The second effect accounts for the location of 
the tendons relative to the centroid of the section. This stress i.s linear-
ly distributed through the depth of the section and corresponds to the 
stress resulting from a moment applied at the centroid of the section. The 
magnitude of this moment is equal to the product of the change in pre-
stressing force and the eccentricity of th.e tendons measured from the 
centroid of the section. When the.se two stress distrtbutions are super-
imposed it should be clear that for the extreme fiber on one side of the 
section centroid they will be additive while for th.e extreme fiber on the 
opposite side of the centroid they will oppose each other so that the sense 
of the resulting stress will depend on the relative magnitudes of the stresses 
'set up by the thrust and moment effects. 
Since the three instrumented segments were not similarly reinforced, 
it is necessary to consider the effects of the loss of prestressing force 
on the extreme fiber stresses separately for each segment. For th.e 
case of segment SB1-Nl ttle majority of th.e tendons were located in the 
top fl ange so that a loss of prestressing force would b.e accompani.ed by a 
decrease in the top fiber stress and a much smaller decrease in bottom 
fiber stress. The change i.n bottom fiber stress could possibly have been 
an increase in stress depending on the relative magnitudes of ths stresses 
due to the thrust and moment.effects, as explained above. For th.e case of 
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segment SB1-N16 the majority of the tendons were located in the bottom 
flange so that the effects of the loss of prestressing force at this seg-
ment may be expected to be opposite to those associated with segment 
SB1-Nl. Thus, at segment SB1-N16 the loss of prestressing force may be 
expected to induce a decrease in the bottom f;-ber stress. Depending on 
the relative magnitudes of the stresses due to the thrust and moment 
effects, the associated change of the top fiber stress will be a smaller 
decrease in stress than for the case of the bottom fiber, or may even be 
an increase in stress. At segment SB1·N9 the tendons are divided between 
the top and bottom flanges in such a manner that an equal loss of prestress-
ing force in each tendon will lead to a more or less equal decrease in 
stress in the top and bottom fibers. It is, however, not reasonable to ex-
pect that the magnitude of the loss of prestressing force in each tendon 
will be the same so that the decrease in stress at the extreme fibers due to 
loss of prestress are most probably not equal. The difference in the 
change of extreme fi ber stress.es is most probably small er for the case of 
segment SB 1-N9 than for the case of ei ther segmen t SB1-Nl or segment SB 1-N16 
so that segment SB1-N9 represents an intermediate case relative to the 
other two segments. 
The combined effects of the time-dependent change in bending moment 
and loss of prestressing force on the extreme fiber concrete stresses may 
best be illustrated by consideration of the appropriate stress histories of 
segment SB1-Nl (see Figures 5.10 and 5.11). For this particular segment the 
stresses due to the loss in prestressing force tend to oppose those due to 
the change in bending mom·ent. For the time period associated with inter-
mediate structure 9, segment SB1-Nl was located close to the outer support 
of a side-span so that no significant time-dependent change i.n bending 
moment may be expected to have taken place at this segment during this time 
period (see also Sect. 5.3). It would th.us appear that for th.is ti.me 
period the concrete stress at segment SB1-Nl was primarily influenced by the 
prestress loss. This means that the top fi.ber concrete stresses may be 
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expected to have decreased whi 1 e the bottom fiber stresses may be. expected 
not to have changed substantially during this time period. Inspection of 
Fi.gures 5. 1 Q and 5 .. 11 wi 11 reveal that th.e pred i cted extreme fiber stresses 
indeed follow these trends for the time period under consideration. 
For the time period associated ~ti'th the final structure, segment 
SB1-Nl formed part of an interior span so that the time-dependent change 
in bending moment during this time period was no longer negligible here 
(see Sect. 5.3). Thus, for this time period the loss of prestressi.ng force 
as \,Alel1 as the time-dependent change in bending moment simultaneously in-
fluence the stress at the extreme fibers of the section under consideration. 
Furthermore, as pointed out hefore,.the fnf1uence of these effects will 
oppose each other. Figures 5.10 and 5.11 clearly indicate that for this 
time period the effects on the extreme fiber stresses associated with the 
time-dependent change in bending moment was domi.'nant; i.e., the top fiber 
stress increased with time while th.e bottom fiber stress decreased with time. 
This observation is further substantiated by the fact that the magnitude of 
the stress change in the extreme bottom fiber is greater than that of the 
stress change in the extreme top fiber (for segment SB1-N1 the extreme 
bottom fiber is located further from the centroida1 axis than the extreme 
top fiber). 
For segments SB1-N9 and SB1-N16 the percentage increase in top 
fiber stress as well as the percentage decrease in bottom fiber stress for 
the time period associated with the final structure are both substantially 
larger than for the case of segment SB1-Nl (see Table 5.5). For segment 
SB1-N9 this trend was most probably due to the fact that the effects of the 
loss of prestressing force on the concrete stress were, to a greater ex-
tent than in the case of segment SB1-Nl, of secondary importance relative to 
the effects of the time-dependent change in bending moment. In the case of 
segment SB1-N16 the effects of the loss of prestressing force on the concrete 
stress added to the effects of the time-dependent change in bending moment. 
It thus seems reasonable to conclude that the effects of the time-
dependent change of bending moment were of prime importance as far as the 
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magnitude of the concrete stress was concerned, while the effects of the loss 
of prestressing force were, relatively speaking~ of secondary importance. 
Comparing the magnitudes of the stresses predicted by each of the 
analyses at the time up to which they were carried, it appears as if 
Analysis 1 predicted the largest top fiber stresses and the smallest 
bottom fiber stresses. Th.e only exception to this observation is the case 
of the top fiber stresses of segment SB1-N1 where Analysis 3 predicted the 
largest stresses (see Figures 5.10 through 5.15 and Table 5.5). This 
trend is most probably due to the fact that the loss of prestressing force 
as well as the time-dependent change in bending moment as predicted by 
Analysis 1 were larger than the values predicted by the other two analyses. 
Comparing the final stress.es predicted by Analysis 2 and Analysis 
3 with the values predicted by A.nalysis 1, the largest percentage di'fference 
in the top fiber stresses appear to be at segment SB1-N16 wnere Analysis 
2 and Analysis 3 both predict values that are 10 percent smaller than the 
value predicted by Analysis 1. A similar comparison of the pr~dicted 
bO,ttom fiber stresses indicates that the largest percentage difference for 
the case of Analysis 2 is at segment SB1-N9 and for the case of Analysis 3 
is at segment SB1-N16 where the predicted values are 15 and 17 percent 
larger than the values predicted by Analysis 1, respectively. These com-
parisons only apply to the instrumented segments. It is furthermore of 
interest to note that at section SB1-Nl, where the concrete stresses in both 
the extreme top and bottom fibers were larger than at the other instrumented 
segments, the final top and bottom fiber stresses predicted by Analysis 2 
and Analysis 3 were less than 5.5 percent different from the values 
predicted by Analysis 1. 
Finally, the close agreement of the concrete stresses predicted by 
Analysis 2 and Analysis 3 is of interest from the point of view of design, 
espe6ially wheri viewed in the light of the sObstantia1 differences in the 
concrete strains predicted by these two analyses. It thus appears that for 
the specific case of the Kishwaukee River Bridge the concrete stresses may 
be satisfactorily determined by making use of th.e recornnendations of the C.ER 
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(11) to establish the material properties of the concrete for use, wi.th the 
time-dependent analysis of the structure. 
5.5 Influence of Construction Loads 
One of the unique features of the launching girder used for the 
erection of the segments comprising the Kishwaukee River Bridge. was that it 
did not normally impose significant loads on the structure. However, just 
after the completion of intermediate structure 9 the launching girder was 
placed in such a position so that it imposed major loads on the structure. 
The ~agnitude and position of these loads are indicated by Figure 5.16. 
The girder remained in this posi:tion until just prior to the time at which 
the closu~e segment of span 1 was cast. It thus appears that intermediate 
structure 9 was subjected to these construction loads for a period of 
approximately 5 months. 
It is of some interest to study the influence of these constructi.on 
loads on the time-dependent behavior of the structure. In order to 
achieve this aim the structure was analyzed taking into account the loads 
illustrated by Figure 5.16. For purposes of analysis these loads were 
applied at the time at which the tendons which establi:sh continuity of 
intermediate structure 9 were stressed. Th.e loads were removed at the time 
of casting of the closure segment of span 1. The material properties ob-
tained experimentally from the outdoor stored specimens were assigned to 
the concrete. The results of this analysis, designated as Analysis. 4, may 
therefore be directly compared to the results of Analysis 1 in order to 
illustrate some of the effects of the presence of the construction loads on 
the time-dependent behavior of the structure. 
The percentage differences in the results predicted by Analysis 1 
and Analysis 4 at the time up to which the analyses were carried are pre-
sented for each of the instrumented segments in Table 5.6. These percentages 
are based on the final values predicted by Analysis 1. Inspection of this 
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table wtll reveal that the differences tn the predicted values, and con-
sequently the effects of the constr.uctton loads on the time-dependent be-
havi.or of the structure, are of negligible importance for practical purposes. 
Of the quantities considered in Table. 5.6 it appears as if the concrete 
strains are affected to·the greatest extent by th.e presence of the construc-
tion loads, the maximum difference in predicted final concrete strain being 
less. than 3.3 percent at the secti.ons considered. The concrete strains in 
the e.xtreme top fibers are decreased while the strains in the bottom fibers 
are increased by the effects of the construction loads. For the final con-
crete stresses at the extreme fibers this trend is reversed, i.e. the top 
fiber stresses are increased while the bottom fiber stresses are decreased 
by the presence of the construction loads. The total prestressing force is 
increased at segments SB1-Nl and SB1-N9, while it is decrease.d at segment 
SB1-N16 by th.e application and removal of the construction loads. For the 
case of Analysis 4 as compared with Analysis 1, the magnitude of the bending 
moments at the instrumented segments is greater in the negative moment region 
while it is less in the positive moment region. It would th.us appear that 
the time-dependent moment redistribution was slightly inhibited by the 
application of the construction loads. 
The development of the concrete strains at the extreme fibers of 
segment SB1-Nl as predicted by Analysis 1 and Analysis 4 is illustrated in 
Figure 5.17. For the time period associated with the application of the 
construction loads it appears as if the greatest part of the decrease in top 
fiber strain and increase in the bottom fiber strain as predicted by 
Analysis 4 was a result of the elastic response of the concrete to the in-
crease in negative moment at this section caused by the application of the 
construction loads. However, when the construction loads are removed from 
the structure a residual decrease in the top fiber strains and a residual 
increase in bottom fiber strains are predicted by Analysis 4 relative to the 
results predicted by Analysis 1. For the time period during which the 
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construction loads were applied to the structure the presence of these 
loads decreased the top fiber stress,es wfifl e it increased the bottom fiber 
stresses at segment SB1-Nl (see Figure 5.18}. In the ltght of this 
behavior of the concrete stresses it appears reasonable to assume that the 
residual decrease in the top fi.ber concrete strain was pri.marily due to the 
diminished creep associated with. the decr-eased top fi'ber concrete stress 
during this time period. Similarly, the residual increase in the bottom 
fiber concrete strain appears to have been primarily due to the i'ncreased 
creep associated with the i'ncreased bottom fiber concrete stress during this 
time period. 
For times greater than the time at which the constructi'on loads 
were removed the development of the concrete strains at both extreme 
fibers of segment SB1-Nl seem to have been essentially unaffected by the 
previous presence of the construction loads (see Figure 5.17). For this time 
peri od the on ly effect on the time-dependent stra in s appears to have bee.n 
the residual strains developed during the time period during which the 
construction loads were applied to the structure. These observations are 
substantiated by the fact that for times greater than the time of removal 
of the construction loads the concrete strain versus time curves predicted 
by Analysis 1 and Analysis 4 for segment SB1-Nl are more or less parallel for 
both the top and bottom fiber strains (see Figure 5.17). 
It should be kept in mind that both Analysis 1 and Analysis 4 made 
use of the rate of creep method to predict the creep of concrete under a 
variable state of stress because specific creep curves corresponding to 
only one age at loading were available for the outdoor stored specimens. 
It should thus be pointed out that the insensitivity of the behavior of the 
time-dependent strains to the previous presence of the construction loads 
for times beyond the time at removal of these loads should be seen partly 
in the light of the property of the rate of creep method to ignore the 
previous stress history as discussed in Sect. 3.2.2. 
9] 
Th.e concrete s tresses and bend ipg moments at segment SB l-·Nl as 
predicted by both Analysis 1 and Analysts 4 are presented in Figures 5.18 
and 5. 19. These fi.gures cl early demonstrate that the time-dependent com-
ponent of the concrete stresses at both. the top and bottom fihers, as we.ll 
as the time-dependent component of the bending moment are es.sentially 
unaffected by the application and removal of the construction. loads. Con-
sidering the extreme fiber concrete stresses and the bending moment, the 
only significant difference in the results predicted by Analysis 1 and 
Analysis 4 appears to occur during the time period during which the con-
struction loads were applied to the structure. The decrease in top fiber 
stress and the increase in bottom fiber stress at segment SB1-Nl, due to 
the application of the construction loads, are consistent with the increase 
in negative moment here, due to th.ese loads. Once the constructi.on loads 
are removed, the results predicted by Analysis 1 and Analysis 4 are the 
same for all practical purposes. 
It is of some interest to investigate some of the effects of the 
application of the construction loads on the vertical deflection of the 
structure. The downward transverse deflections of the free cantilever tip 
(segment S81-S17) of intermediate structure 9 as predicted by Analysis 1 
and Analysis 4 at the times of application and removal of the construction 
loads are presented in Table 5.7. This cantilever eventually formed part of 
span 1 of the final structure. It should be pointed out that these 
deflections cannot be directly compared to the actual deformations of the 
structure due to the unknown magnitude of the corrections in vertical align-
ment that were made during the construction process. The differences in 
the deflections at the time of application of the construction loads and 
at the time of re~mova 1 of these loads may, however, be expected to be com-
parable to the change in actual deflection that took place during this. time 
period. 
Considering the change in downward deflection of the free cantilever 
tip of intermediate structure 9 for the time period during which. th.e con-
struction loads were applied to the structure, Analysis. 1 predicted a 
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change in downward defl ect i on of 1 .. 60.9. in. (40.9 mm} wh t 1 e Anal ys. 1.5. 4 
predicted a change in deflection of 2.0as in. (50..9 mml. It may- thus. be 
concluded that the effect of the application of th.e constructi'on loads on 
th.e downward deflection of the free cantileve.r tip for the time period 
described above is to increase this'defle.ction fly 0..396 in .. (10.0 nml. A 
similar comparison of the deflect,'ons of segment SB1-N16 as predi'cted by 
Analysis 1 and Analysis 4 reveals that for the time period during which the 
construction loads were applied to the structure th.e upward defle.ction of 
this segment was increased by 0..0.73 in. Cl.9 mmJ by the presence of these 
loads. It is of interest to note that for the time period associated with 
the final structure the previous application and removal of the construction 
loads appear to have decreased the downward change in deflection of seg..:. 
ment SB1-N16 that takes place during this time period by 0.0.7 percent. 
In conclusion, it would th.us appear, that as far as the time-
dependent components of the concrete stresses, prestressing force and hend-
ing moments are concerned, the effects of the presence of the construction 
loads are negligible for practical purposes. The concrete strains and, 
consequently, the transverse deflections seem to be affected to a greater 
extent than the quantities mentioned above. It furthermore appears as if 
most of this effect on the deformations takes place during the time period 
during which the construction loads are applied to the structure and that 
once these loads are removed the time-dependent behavior of the deformations 
seems to be essentially unch.anged. Th.e elastic effects associated with the 
application of the construction loads are not small and should be accounted 
for in the design process. 
6. CONCLUSIONS AND RECOMMENDATI.ONS FOR FURTHER STUDY 
The conclusions and recol1111endatfons for further study presented 
in th.e follo\fIing section are base.d on the re.sults of the vari.ous analyses 
of the Kish\vaukee River· Bridge as well as the results of the comparison of 
measured deformati ons of the actua 1 structure w'ith computed deformati ons. 
Th.e differences in the analyses of the Kisflwaukee River Bridge lie in the 
material properties assi.gned to the concrete. Concrete material properties 
experimentally obtained from outdoor stored and indoor stored specimens, 
as well as those prescribed by the C.E.B. recommendations, were used in the 
different analyses. Th.e conclusions drawn herein apply, strictly speaking, 
only to the Kishwaukee River Bridge so that generalizations to include other 
structures of a similar type should be made with the utmost care. 
Based on the comparison of measured deformations of the Kishwaukee 
River Bridge with the analyti.cally obtained deformations, the following con-
clusions and recomnendations for further study may be made: 
1. The analytical procedure used for the time-dependent analysis 
of the structure performed satisfactorily. This is particularly 
apparent when consideration is given to the excellent agreement 
of the measured and computed concrete strains for the case 
where the concrete material properties obtained experimentally 
from outdoor stored specimens were used in the analytical pro-
cedure. 
2. The procedure introduced during the course of this study for 
the estimation of the creep of concrete subjected to a 
varying state of stress appears to have performed satis-
factorily. In this regard it is important to note that the 
rate of creep method yielded satisfactory results. The proposed 
procedure for estimating the creep of concrete reduces to the 
rate of creep method where specific creep curves corresponding 
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to only one particular .age at loading are avai.1abJe., as. was 
th.e case for the analysis th.at util ized the concrete material 
properti es. obtai.ned experimentally from outdoor stored specimens. 
3. Compared with th.e measured strains, the ana1ysis'th.at made use 
of concrete material properties obtained experimentally from 
outdoor stored speci'mens' yielded the best results. In this 
regard the analysis that made use of the concrete material 
properties as prescri'bed by theC. E. B . recommendations yielded 
resul ts tnat were poor, with the pred i'cted stra ins bei ng 
smaller than the measured values. The magnitude of the strains 
predicted by the analysi's that made use of the material 
properties obtained from the laboratory stored specimens com-
pared well with the measured values at the time up to which the 
analyses were carried. 
4. For the particular structure under consideration herein the 
development of the total time-dependent strains was governed to 
a large extent by the manner in which the shrinkage of concrete 
developed and this was partly due to the fact that the segments 
were relatively old when erected. Because the shrinkage curve 
obtained from the outdoor specimens was the only one which re-
flected the seasonal fluctuations that characterize the shrinkage 
of concrete subjected to a variable outdoor environment, the 
analysis which made use of th.e material properties obtained from 
outdoor stored specimens was the only one which' correctly 
predicted the development of the total time-dependent concrete 
strains. This particular conclusion serves to emphasize the 
necessity of using material properties obtained from outdoor 
stored specimens in order to correctly predict the behavior of 
the time-dependent concrete strains for structures of th.e type 
under consideration heretn. These material properties may be 
expected to reflect the effects of the variable outdoor 
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envi ronment to wn.i.ch the structure is subj ected on the rheo-
1 ogica 1 properties of th_e concrete. 
5. For th.e ana lysis whi cfL emp 1 oyed the concrete materi'a 1 propert i es 
obtained from outdoor stored specimens the seasonal dependence 
of shrinkage was, strictly speaking, correctly included only for 
the instrumented double cantil'ever because the same shrinkage 
curve was used for a 11 the segments'. This effect, however, did 
not appear to significantly influence the behavior of the seg~ 
ments studied. It is strongly recommended that this matter be 
made the topic of a further study which would involve the use 
of different shrinkage curves each of which would be 
associated with a different cantilever so that the seasonal 
effects are correctly accounted for. It should be mentioned that 
it appears as if th.e season during which the concrete is cast 
has an influence on tne subsequent development of shrinkage. 
Thus, a study such as the one mentioned above would involve a 
substantial experimental effort b.ecause shrinkage curves would 
have to be determined separately to correctly account for the 
seasons during which the segments for the different double 
cantilevers are cast. Measures should be taken to insure that 
the seasonal fluctuations of shrinkage are carefully recorded, 
especially at later ages, wh,en determining the shrinkage curves 
for outdoor stored specimens. 
6. The procedure used in this study to modify the experimentally 
obtained cree~ and shrinkage curves to include the effects of 
the size and shape of the member on creep and shrtnkage per-
formed satisfactorily. There is, however, a great need for 
further study in this regard especially as far as experimental 
work is concerned. It is strongly recommended th.at a study of 
thi s nature should inc1 ude the effects of si ze and snape, on the 
creep and shrinkage of members stored outdoors. 
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7. An extensive comparison of calculated and measured deflecti.ons 
was not pos.sib1e as a result of the e.ffects of th.e fatlure of 
certain joints between adjacent segments on the completed 
structure and tfie questionable reliability of the measured 
val ues due to the extreme.ly adverse conditons under which they 
were taken. The sense of the time-dependent changes of 
deflection at the instrumented segments were the same for both 
the measured and calculated values. The magnitudes of the time-
dependent changes in transverse deflection of the completed 
structure are extremely small while the relative magnitudes of 
the time-dependent change in deflection as predicted by the 
three analyses are consistent with the-relative magnitudes of the 
predicted concrete strains. In order to predict the actual 
deflections of the structure correctly, it is necessary to 
account for def1ecti~ons induced in th.e structure by certain con-
struction activities such as alignment corrections and the seat-
ing of the double cantilevers on permanent bearings. It 
appears as if a major portion of the time-dependent strain in-
duced an axial shortening of the completed structure. 
Based on a consideration of the prestressing force, bending moments 
and concrete stresses predicted b.y the analyses of the Kishwaukee River 
Bridge the following conclusions may be drawn: 
8. The magnitude of the total time-dependent loss of prestressing 
force is small and the development of this loss of prestressing 
force with time closely reflects the manner in which the total 
time-dependent concrete strains develop. The total loss of 
prestress due to relaxation is sl i.ght1y less than th.at due to 
creep, while the loss due to shrinkage is substantially less 
than the 10sse.s due to either creep or relaxation. The relative.ly 
small time-dependent loss of prestressing force is in part due 
to the reduced time-dependent concrete strain which. goes hand-
in-hand with the relatively great age at which the segments were 
erected. 
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9. The time-dependent redistribution of bending moment tends to 
reduce the magnitude- of the. negative bendtng moments and to in-
crease the magnftude of tne positive (lending moments in the 
structure. The tendency 1's for the negati ve bendi.ng moments 
at the interior supports to approach the same value. A 
similar tendency is exhibited 6y the positive mid-span bending 
moments of the interior spans. The percentage change of the 
negative bending moments at the interior supports are relatively 
small when compared wfth the large percentage change of the 
positive mid-span bending moments of the interior spans. This 
large change in posi"tive bending moment is important and must 
be accounted for in the de.s ign of the type of structure under 
consideration herein. The rate at which the time-dependent 
change of bending moment proceeds at a particular section of 
the structure depends on the construction sequence. 
10. The effect of the time-dependent behavior of the concrete and 
steel on the extreme fiber concrete stresses in the completed 
structure is to increase the top fiber compressive stresses and 
to decrease the bottom fiber compressive stresses with time. 
The magnitude of the decrease in bottom fiber stress is 
greater than the magnitude of the increase in top fiber stress. 
Both the loss of prestressing force and the time-dependent 
change of bending moment induce changes of concrete stress. 
Of the two contributory effects, the time-dependent change in 
bending moment seems to be the more important. t~hen the inter-
mediate structure being considered is statically determinate 
no time-dependent change of bending moment takes place and con-
sequently the time-dependent change of concrete stress for th.is 
case is governed by the loss of prestressing force. A simi.lar 
situation arises in a statically indeterminate intermediate 
structure when the segment considered is located close to an 
outer support. 
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11. Generally the m,agnitudes. of the total prestressi.ng force, 
bend i ng momen ts and concrete, stresses. as pred fcted l1y the 
analyses that make uS'e of the. concrete material properties ob-
tained experimenta 11y from 1 aEioratory stored specimens and 
those prescribed by the c. E.B. recommendati ons do not di,ffer 
significantly. This' conclusi'on is of significance when 
viewed in the light of the great difference that exists in the 
magnitude of the concrete strai'ns predicted by these two 
analyses. The predicted deformations of the structure thus seem 
to be much more sensitive to the material properties assigned 
to the concrete than the predicted prestressing force, bending 
moments and concrete stresses. Since approximate procedures 
for determining the rheological properties of concrete are 
usually used in the design of these structures and since the 
time-dependent behavior of these structures is primarily a 
problem of serviceability, it is suggested that tne time-
dependent deformations of the structure be emphasized as a 
design criterion when considering the serviceability require-
ments of the structure. 
12. The final magnitudes of the prestressing force, bending moments 
and concrete stresses as predicted by the analysis that makes use 
of the concrete material properties obtained experimentally from 
the outdoor stored specimens diffe.r somewhat from the values 
predicted by the other two analyses. 
Based on the analysis that includes the effects of the construction 
loads applied to the structure, tne following conclusions may be drawn: 
13. The time-dependent deformations of the structure are influenced 
to a much 9rea ter extent th.an the stresses and forces by the 
presence of the construction loads. This influence is, how-
ever, very small and appears to take place during the time 
of application of tne loads. Once the loads are removed, the 
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time-dependent component of the benavior of the s.tructure. 
remains ess.entially unaffe.cted. The effects of the con-
struction loads on tne time-dependent behavior of the pre-
stressing force, b.ending moments and concrete stresses are, 
for practical purposes, negligible. Most of the effects of the 
construction loads on the structure are elastic in nature. 
These elastic effects are not small and should be accounted for 
in the design process. 
The following general conclusions and recommendations may be made: 
14. Generalizations in the type of bridge under consideration here-
in are very difficult because of the dependence of the time-
dependent response of these structures on the construction 
history. A parametric study is, nonetheless, recommended. It 
is suggested that a simpler structure be considered for such a 
study. 
15. The continuation of obtaining field data in terms of both 
measurements of the deformations of actual structures as well 
as obtainin~ material properties of concrete from outdoor stored 
specimens is strongly recommended. 
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Table 4.1: Comparison of the Time-Dependent Change of Concrete 
Strain Predicted by the Three Analyses 
Segment 
SB1-Nl 
SB1-N9 
SB1-N16 
Position of 
Fiber 
Top 
Bottom 
Top 
Bottom 
Top 
Bottom 
Analysi.s 1 Analysis 2 Analysis 3 
0.77 0.55 
1 0.83 0.53 
1 0.88 0.61 
1 0.93 0.58 
1 1.02 0.67 
1 0.98 0.64 
Note: The time period considered above corresponds to the time period 
defined by the time at which continuity of intermediate structure 9 
was established up to the time up to which the analyses were 
carried. 
All changes of strain are expressed as fractions of the changes 
predicted by Analysis 1. 
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Table 4.2: Measured Ch~nge in Deflection of Segment SB1-N16 
Time 
(Days) 
0 
13 
91 
174 
260 
288 
538 
Deflection of 
Segment SB1-N16 
(i n. ) 
0 
0.40 
0.78 
0.72 
0.84 
0.85 
1.38 
Note: All changes in deflection are taken relative to the 
deflection at day O. 
Day a corresponds to the time at which the final 
structure was- completed t 
The failure of the joints between the segments was 
discovered just prior to day 13. 
1 in. = 25.4 mm .. 
Table 5.1: 
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Total Prestressing Force and Prestress Loss as 
Predi'cted by Analysis 1, Analysis 2 and Analysis 3 
Segment Analysis Prestress 
Loss 
Final Prestress Force as 
a Fraction of the Value 
Calculated by Analysis 1 
(%) 
SB1-Nl 8.7 1 (11,068 kips)* 
2 7 . 1 1 .01 
3 5.6 1.04 
SB1-N9 1 8.6 1 (6,020 kips)* 
2 7.9 1 .01 
3 6. 1 1.03 
SB1-N16 1 9.6 1 (5,628 kips)* 
2 9.4 1.00 
3 7.4 1.03 
Note: The prestress losses refer to the time-dependent component of 
prestress loss that occurred during the time period defined by 
the time at which the continuity tendons for intermediate 
structure 9 were stressed up to the time up to which the analyses 
were carried. These losses are expressed as percentages of the 
values that existed just after tpe continuity tendons for 
intermediate structure 9 were stressed. 
The final values of prestressing force refer to the values 
existing at the time up to which the analyses were carried. 
* Final Force from Analysis ,. 
kip = 4.448 kN. 
Segment 
SB1 ... N1 
SB1--N9 
SB1-N16 
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Table 5.2: Total Prestress Losses Due to Shrinkage, 
Creep and Relaxation 
Analysis 
1 
2 
3 
1 
2 
3 
1 
2 
3 
Shrinkage 
(kips) 
183 
241 
143 
100 
137 
80 
80 
123 
73 
Prestress Loss Due To: 
Creep 
(ki ps) 
587 
440 
303 
292 
226 
157 
374 
308 
213 
Relaxation 
(kips) 
403 
398 
418 
223 
219 
226 
208 
203 
214 
Note: 1 kip = 4.448 kN 
Pier 
1 
2 
3 
4 
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Table 5.3: Redistribution of Support Moments for the Time 
Period Corresponding to the Final Structure 
Analysis 
1 
2 
3 
2 
3 
1 
2 
3 
1 
2 
3 
Bending Moment (k-ft) 
Time at 
Completion 
of Final 
Structure 
81,352 
81,247 
81,125 
76,880 
76,724 
79,130 
78,461 
77,776 
79,582 
76,520 
77,402 
78,779 
Time up 
to which 
Analysis 
was Carried 
72,394 
74,926 
73,957 
72,459 
74,371 
75,205 
73,095 
74,975 
75,360 
72,105 
74,958 
75,059 
Change in 
Bending Moment 
(%) 
11 .0 
7.8 
8.8 
5.8 
3. 1 
5.0 
6.8 
3.6 
5.3 
5.8 
3.2 
4.7 
Note: The analysis was continued for 600 days after the final 
structure was completed. 
1 k-ft· = 1.356 kN-m 
Span 
2 
3 
4 
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Table 5.4: Redistribution of Mid-Span Moments for the 
Interior Spans for the Time Period Corresponding 
to the Final Structure 
Analysis 
1 
2 
3 
1 
2 
3 
1 
2 
3 
Bending Moment (k-ft) 
Time at 
Completion 
of Final 
Structure 
15,994 
16,124 
14,982 
17,441 
17,864 
15,753 
17,605 
17,505 
15,910 
Time up 
to which 
Analysis 
was Carried 
22,706 
20,478 
20,547 
22,328 
20,435 
19,823 
22,509 
20,135 
19,891 
Change in 
Bending Moment 
(%) 
42.0 
27 .. 0 
37.1 
28.0 
14.4 
25.8 
27.9 
15 .. 0 
25 .. 0 
Note: The analysis was continued for 600 days after the final 
structure was completed. 
1 k-ft = 1.356 kN.m 
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Table 5.5: Change of Concrete Stress for the Time Period 
Corresponding to the Final Structure 
Segment Analysis Concrete Stress 
(ks i) 
Change in Stress (%) 
SB1-Nl 1 
2 
3 
SB1-N9 1 
2 
3 
SB1-N16 1 
2 
3 
Time at 
Completion of 
Final ,Structure 
Top 
Fiber 
0.49 
0.47 
0.51 
0.40 
0.39 
0.39 
0.26 
0.26 
0.24 
Bottom 
Fiber 
1 .36 
1.36 
1.35 
0.81 
0.80 
0.82 
0.96 
0.93 
0.99 
Time up to 
which Analysis 
,was ,Carried 
Top 
Fiber 
0.55 
0.52 
0.58 
0.52 
0.47 
0.50 
0.39 
0.35 
0.35 
Bottom 
Fiber 
1 . 17 
1.23 
1.20 
0.53 
0.61 
0.60 
0.65 
0.73 
0.76 
Top 
Fiber 
12.2 
10.6 
13.7 
30.0 
20.5 
28.2 
50'.0 
34.6 
45.8 
Bottom 
Fiber 
14.0 
9.6 
11 . 1 
34.6 
23.8 
26.8 
32.3 
21.5 
23.2 
Note: All the stresses are compressive~ 
The analysis was continued for 600 days after the final structure 
was completed. 
1 ksi = 6.895 N/mm2. 
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Table 5.6: Percentage Difference in the Final Results Predicted 
by Analysis 1 and Analysis 4 
Segment 
SB1-Nl 
SB1-N9 
SB1-N16 
Concrete Strain 
Top 
Fiber 
- 3.28 
- 2.75 
- 0.84 
Bottom 
Fiber 
2.45 
3.29 
0.59 
Concrete Stress 
Top 
Fiber 
0.73 
0 .. 19 
0.00 
Bottom 
Fiber 
- 0.09 
- o. 19 
- o. 15 
Prestressing 
Force 
0.27 
0.03 
- 0.05 
Bending 
Moment 
- 0.06 
- 1. 14 
- 0.01 
Note: The final results refer to the predicted results at the time 
up to which the analyses were carried. 
A negative sign indicates a decrease in the particular quantity 
as 'predicted by Analysis 4 relative to the result predicted 
by Analysis 1. 
All percentages are based on the final values predicted by 
Ana lysi s 1.' 
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Table 5.7: Effect on Free Cantilever Tip Deflection Due to 
Application and Removal of Construction Loads 
Time 
Just prior to application 
of construction loads 
Just after application of 
construction loads 
Just prior to removal of 
construction loads 
Just after removal of 
construction loads 
Deflection Predicted 
_ by Analysis 1 
. (in.) 
1 .626 
1.626 
3.235 
3.235 
Note: Downward deflections are taken positive. 
1 in. = 25.4 mm. 
Deflection Predicted 
by Analysis 4 
(i n. ) 
1.626 
2.272 
4.277 
3.607 
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APPENDIX A 
DERIVATION OF EXPRESSIONS USED IN THE ANALYTICAL PROCEDURE 
A.l Creep Expressions According to the C.E.B. Recommendations 
A.l.l Expressions for C.E.B. Factors, Kt and Kd 
When the time-dependent behavior of the structure was determined 
on the basis of creep and shrinkage properties as determined by the C.E.B. 
recommendations (11), the creep strains were estimated by making use of the 
method of superposition. For this particular case the computations were 
simplified by deriving mathematical expressions for the C.E.B. creep 
factors Kt and Kd, where Kt describes the time-dependence of creep and Kd 
reflects the effects of the concrete age at loading on creep. These 
multiplying factors are given by the C.E.B. in graphical form. 
Kt was assumed to be described by the following exponential 
expression: 
where: t 
{A.l.l} 
= time in days, since the concrete was initially 
loaded ,and 
a and S = coefficients to be determined by fitting expression 
A.l.l to the curves given by the C.E.B. recommendations 
Consideration of Fig. 2.6 reveals that Kt is also a function of 
theoretical thickness, dmo A different set of values for a and S was 
derived for each Kt curve given by the C.E.B., i.e. for values of 
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d = 5, 10, 20, 40 and 80 cm. The values of a and S as derived by a curve 
m 
fitting procedure for the above values of dm are listed in Table A.l. 
The values of a and S were determined as follows: First of all, 
rewrite Eqo A.l.l as follows~ 
ln [- ln (l - Kt )] = e ln t + ln a (A.l.2) 
For a particular value of d
m
, the appropriate curve for Kt as given 
by the C.E.B. recommendations may be used to plot values of ln [- ln (l - Kt )] 
versus ln t. If these values plot as a straight line then the functional 
form assumed by Eq. A.l.l for Kt , is correct because Eq. A.l.2 represents 
the equation of a straight line in a ln [- ln (l - Kt )] versus ln t system 
of axes. Figure A.l reveals that the above assumption was correct because 
the ln [- ln (l -- Kt )] versus ln t values almost lie on a straight line. 
This plot applies to values of Kt for dm = 5 cm. 
The least squares fitting procedure (24) was then used to fit a 
straight line through these points. The intercept of this line on the 
ln [- In (1 - Kt )] axis yields 1n a, from which a is readily determined. 
The slope of this line yields s. 
Kd was assumed to be described by the following hyperbolic expres-
sion: 
1 (A.l.3) 
where: t = conc~ete age at loading, in days and 
A, B, and n = coefficients to be determined by fitting expression 
A.l.3 to the curves given by the C.E.B. recommenda-
tions for Kd. 
Curves of Kd for normal portland cement and high early strength 
cement are given (see Fig. 2.3). A set of values of A, Band n had to be 
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derived for each curve. The same basic procedure was followed to fit 
Eq. A.l.3 to the curves given by the C.E.B. recommendations for Kd, as for 
the case of Kt : 
Rewrite Eq. A. 1.3 as follows: 
(A.l.4) 
The non-linear expression given by Eq. A.l.4 can be linearized by 
assuming a value for n. Using the least squares procedure a straight line 
was fitted to values of l/Kd and Tn, as determined by using the curves 
° given by the C.E.B. recommendations. The intercept on the l/Kd axis aond 
the slope directly yield the values of B and A, respectively. Following 
this procedure a set of values for A and B may be determined for a particular 
value of n. Each of these fitted curves were then compared to the Kd values 
given by the C.E.B.recommendations, by finding the sum of the squares of 
the errors at a number of specific values of t. The values of A, Band n 
corresponding to the fitted curve that yielded the smallest value of the 
sum of the squares of the errors, as found above, were used. 
The following expressions were used for Kd: 
Normal portland cement 
1 (A.l.5) 
0.402 + 0.152 TO~4 
High early strength cement 
1 (A.l.6) 
0.309 + 0.284 TO. 4 
These expressions are compared to the values of Kd given by the 
C.E.B. recommendations in Fig. A.2. 
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A.l.2 Calculation of the Change in Creep Strain During a Time Interval 
In what follows an expression is derived for the calculation of 
the change in creep strain over a time interval. This expression applies 
specifically to the case where the creep properties of the concrete are 
based on theC.E.B. recommendations .. As explained before, the method of 
superposition was used to predict the creep response of concrete when the 
C.E.B. creep properties were used. 
According to the C.E.B. recommendations the creep strain may be 
expressed as follows: 
where: fc 
Eb28 
(A.l.7) 
= constant sustained concrete stress, 
= secant modulus of elasticity of the concrete 
at 28 days and 
Kc,Kb,Ke,Kd,Kt = multiplying factors that reflect the effect 
of intrinsic and environmental factors on the 
magnitude of creep (see Sect. 2.2.3.1). 
This expression may be rewritten as follows: 
(A.l.8) 
where: ~ 
Kt(t-T) = [1 - e-a(t-T)S] and 
T = age at which the concrete was initially loaded. 
).," 2~:;--:' :-~~r r' ,_. ",' 
iC::2~7"'cJ:':~:' <. c' ,-' 
~;i'J(~' ~.~::,: ': 
2tc,:....._.~~j ", 
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Applying the method of superposition in co~unction with Eq. A.l.8, 
the creep strain at time t is given by 
m 
£ (t) = -~ {m~l ~f . K (t.) [1 _ e-a(tm-ti)SJ~ 
cr m Eb28 i~l Cl d 1 ~ (A.l.9) 
where: ~fci = change in concrete stress at time tiD 
Notice that ~/Eb28 is written outside the summation due to the fact 
that this quotient is independent of time. 
Similarly, the creep strain at time tm+l is given by 
£ (t +1) = -E ~ {I .~f. Kd(t.) [1 - e-a{tm+l-ti)SJ\ 
cr m b28 i =1 Cl 1 ) (A.l.10) 
The change of creep strain during the m-th time interval is given 
by 
(A"l.ll) 
Substitution of expressions A.l.9 and A.l.10 into the above 
expression yields: 
(A.l.12) 
The above expression clearly illustrates that the calculation of 
creep strains at a given time requires a record of the previous stress 
history .. 
191 
A.2 Elastic Recovery 
As pointed out in Sect. 3.4, the elastic and creep recoveries 
associated with the change in prestressing force during the lifetime of a 
prestressed concrete member must be accounted for, otherwise the total pre-
stress loss will be overestimated. Essentially, the elastic recovery of the 
concrete represents the effect of the restraint offered by the prestressing 
steel to concrete deformation. Therefore, the approach followed in deriving 
an expression for the estimation of elastic recovery of the concrete was 
based on a process of reestablishing compati~ility of the strains of the 
concrete and steel, at the level of the steel, when a strain was imposed 
on the concrete cross-section. The other requirement that must always be 
satisfied is that of equilibrium. 
In what follows, a procedure is presented for the calculation of 
the effects of elastic recove"ry of the concrete when a linearly varying 
strain distribution is imposed on the concrete cross-section. No restriction 
is placed on the number of different tendons or the positions of the 
individual tendons over the depth of the cross-section. It is important to 
note that for all the derivations that follow, stresses and strains are 
taken negative for compression and positive for tension. 
Firstly, stiffness matrices associated with the axial strain 
(i.e. strain at the centroid of the section) and the curvature of the 
section are derived for both the concrete and steel. 
For the steel: 
(A.2.1) 
The stiffness matrix for the steel is given by 
where: 
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LA. LA.e. 
1 1 1 
[Ks] ::: Es (A.2.2) 
LA.e. LA.e. 2 
1 1 1 1 
Es ::: modulus of elasticity of the steel, 
A. 
'1 
e. 
1 
£s 
CPs 
Ps 
Ms 
::: cross-sectional area of tendon i, 
::: eccentricity of tendon i measured from the centroida1 
::: 
::: 
::: 
::: 
axis of the section, taken positive when the tendon is 
below the centroida1 axis, and negative when above, 
strain associated with the steel, at the centroid of the 
section (see Fig. A.3), 
curvature associated with the steel strain (see Fig. A.3), 
resultant of the forces in all the tendons, applied at the 
centroid of the section (see Fig. A.3) and 
resultant of the moments of the forces in all the tendons, 
about the centroid' of the section (see Fig. A.3). 
It is understood that the indicated summations in Eq. A.2.2 include 
all the tendons in the section. 
For the concrete: 
::: (A.2.3) 
The stiffness matrix for the concrete is given by 
(A.2.4) 
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where: Ec = modulus of elasticity of the concrete, 
Ac = cross-sectional area of the concrete section, 
Ic = moment of inertia of the concrete section about the 
centroidal axis, 
EC = concrete· axial strain (see Fig. A.4), 
¢c = curvature of concrete section (see Fig. A.4), 
Pc = resultant force acting on the concrete section, applied 
at the centroid (see Fig. A.4) and 
Me = resultant moment acting on the concrete section, about the 
centroid (see Fig. A.4). 
The elements of each column of the above stiffness matrices were 
evaluated by setting the degree of freedom corresponding to the particular 
column to unity, while the other is set to zero. The forces required for 
equilibrium correspond to the elements of the particular column of the 
stiffness matrix. This process is illustrated for steel and concrete in 
Figs. A.3 and A.4, respectively. 
Consider the case where a linearly varying strain is imposed on the 
concrete section. The strain distribution is defined by the strains at the 
extreme top and bottom fibers of the section, ~Et and ~Eb' respectively (see 
Fig. A.5). This strain clearly violates the compatibility assumption, i.e. 
that the change of strain in the steel is equal to the change of strain in 
the concrete at the same level. In order to restore compatibility, forces 
must be applied to the steel as well as the concrete. The resultant of the 
steel forces, Ps ' is applied at the centroid of the section. The resultant 
of the moments of the steel ~orces about the centroid is designated by Ms. 
The resultant concrete force, Pc' is applied at the centroid, while the 
resultant moment about the ~entroid, acting on the concrete, is designated 
by Mc (see Fig~ A.5). 
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Horizontal and moment equilibrium yields: 
a 
+ = {A.2.5} 
a 
Compatibility of strains yield: 
(A.2.6) 
See Fi~. A.5 for the definition of the strains involved in Eq. 
A.2.6. These above expressions may be manipulated in order to express 
the compatibility requirements in terms of strains at the level of the 
centroid of the section and curvatures: 
= !J.E 
{A.2.7} 
<P - <P = D,<P s c 
where: ES ' EC and ~E are defined in Fig. A.5, and <P s ' <Pc and 6<p are the 
curvatures as defined by 
Esb - Est 
<Ps = d 
<Pc 
'Ecb' "':"'.Ect 
= d 
D,<P 
D,Eb - D,Et 
= d 
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Substitution of Eqs. A.2.1 and A~2.3 into A.2.5 yields 
+ [K ] 
c = 
o 
Equations A.2.7 are used to eliminate £c and CPc from the above 
expression. By performing this substitution and after rearrangement the 
following expression is obtained: 
where: I is a 2 x 2 identity matrix. 
Upon substitution of the appropriate arrays and subsequent simpli-
fication 
n \' A.e. L 1 1 
n lA.e. 
1 1 
1 + 1 1 [ 
nlAoeo2] 
Ic 
where: n = Es/Ec = modular ratio. 
= {A.2.B} 
Equation A.2.B can be solved to yield £s and cps. Once these 
quantities are known, they can be used to find the change in steel force 
(prestressing force) associated with the imposed concrete strain, as well 
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as the corrections that must be applied to the imposed concrete strain to 
yield the final concrete strain. 
The change in steel force in the i-th tendon is given by: 
(A.2.9) 
The corrections that must be applied to the imposed concrete 
strains at the top and bottom fibers of the section are given by: 
(A.2.10) 
where: Yt and Yb are the distances of the centroid to the extreme top 
and bottom fibers, respectively. 
The total corrected concrete strains at the extreme top and bottom 
fibers of the section, are given by: 
(A.2.11) 
The changes in concrete stress, associated with the change in 
steel force are obtained as follows: 
f = 
Pc McYt 
Ac - ~ ctop 
(A~2.l2) 
Pc M"Yh f + ... OJ = Ac ~ cbot 
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The values to be used for Pc and Mc in Eq. A.2.12 are obtained from 
Eqs. A.2.1 and A.2.5: 
A.3 Calculation of Changes in Concrete Stress and Strain and 
Prestressing Force 
As previously pointed out, the effects of creep, shrinkage and 
relaxation were assumed to be independent during a particular time interval. 
Thus, the effects of each of these phenomena could be determined separately 
during a time interval and then superimposed at the end of that time 
interval. 
Each of these time-dependent effects as well as externally applied 
loads lead to a change in prestressing force, which goes hand in hand with 
an elastic change in concrete stress and strain. In what follows an out-
line is given of how the expressions given in Sect. A.2 were applied to 
account for the above-mentioned effects. 
The change in free shrinkage strain that takes place at a parti-
cular section during a time interval may be readily determined. This strain 
is assumed to be uniformly distributed across the cross-section. By 
applying this strain distribution to the cross-section, Eq. A.2.B may be 
used to find ES and ~s. Sub~equently, Eq. A.2.9 yields the change in pre-
stressing force in each tendon and Eqs. A.2. 12 yield the associated change 
in concrete stress, due to the change in shrinkage strain. The final cor-
rected change in shrinkage strain for the time interval is obtained by 
using Eqs. A.2~11 in conjunction with Eqs. A.2.l0. 
The unrestrained change in creep strain during a time interval is 
determined at the extreme top and bottom fibers of the concrete section 
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using the procedure outlined in Sect. 3.2.4 or the method of superposition, 
depending on whether or not experimentally determined creep properties are 
being used. This change in creep strain is linearly distributed through 
the depth of the cross-section because linear creep theory is assumed to be 
applicable. The exact procedure outlined for the case of shrinkage is 
applied to the strain distribution determined above in order to find the 
change in. prestressing force in each tendon as well as the change in concrete 
stress due to the change in creep strain for the time interval. This pro-
cedure simultaneously· yields the final corrected change in creep strain that 
takes place during the time interval. 
The procedure outlined in Sect. 3.3 is used to determine the change 
in prestressing force due to relaxation in each tendon during a particular 
time interval. Once these changes in prestressing force are known, beam 
theory may be used to calculate the associated changes in concrete stress 
and strain. The procedure outlined for the case of shrinkage is applied 
to this strain distribution to find the changes in prestressing force and 
concrete stress due to the elastic recovery of concrete. The corrected 
concrete strains thus obtained represent the final corrected change in 
concrete strain due to relaxation for the time interval. By adding the 
changes in prestressing force and concrete stress due to relaxation to the 
change in these quantities due to elastic recovery of concrete, as calculated 
above, the final corrected· changes in prestressing force and concrete stress 
due to relaxation for the time interval are determined. 
When loads are imposed on the structure, such as the· effect of the 
self weight of a newly erected segment or the stressing of new tendons, the 
resulting concrete stresses and strains may be calculated at each section 
by making use of beam theory. The change in prestressing force and the 
associated change in concrete stress due to elastic recovery of the concrete 
are calculated by applying the procedure as outlined for the case of 
shrinkage to the above concrete strain distribution. The change in pre-
stressing force, and corrected total change in strain thus obtained, repre-
sent the final values of these quantities due to application of the load. 
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The final corrected change in concrete stress is found by adding the 
change in concrete stress due to application of the load, to the change 
in concrete stress due to elastic recovery. For the particular case in 
which a new tendon is being stressed, it should be noted that this par-
ticular tendon is excluded from the calculations which account for the 
effects of elastic recovery. 
For the case of applied loads, the concrete stresses and strains 
predicted by the above procedure, used in conjunction with the net section 
properties, will be the same as those predicted by using the transformed 
section properties. The general proof of this statement is rather tedious 
and consequently not presented here. Finally, it should be pointed out 
that the net concrete section properties should, in the strict sense, 
be used in the analytic a 1 procedure. In thi.s study, the grosss.ect ton 
properties were used. 
A.4 Initial Prestressing Force 
For post-tensioned systems, the initial prestressing force will 
generally vary along the length of a tendon due. to instantaneous losses. in 
force arising from friction and anchor-set. For such systems the following 
expression is commonly used for the estimation of friction losses (35): 
(A.4.l) 
where: fs(x) = steel stress at a distance x from the jacking end, 
fso = steel stress at the jacking end, 
e = base of Napierian logarithms, 
k = wobble friction coefficient per unit length, 
~ = curvature friction coefficient, 
a = total angular change of the tendon profile measured 
from the jacking end to the point at a distance x from 
this end and 
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x = distance from the jacking end to the point on the 
tendon being considered. 
It is understood that the steel stresses in Eq. A.4.l apply to the 
time immediately following the stressing operation but prior to anchoring. 
Methods for finding the prestress losses associated with anchor-
set may be found in Refs. 18, 29 and 40. The iterative approach given by 
Leonhardt (40) accounts for the effects of the actual tendon profile, and 
furthermore makes provision for the possibility that the reverse coeffi-
cient of friction may be unequal to the coefficient of friction associated 
with stressing of the tendon. In general the reverse coefficient of 
friction is larger than the coefficient associated with stressing of the 
tendon. When the above approach is applied to straight tendons, closed-
form expressions may be derived for the total initial prestressing force. 
In what follows, expressions are developed for the calculation of 
the initial prestressing force in straight tendons. These expressions 
account for the instantaneous loss of prestressing force associated with 
friction and anchor-set. 
Considering Fig. A.6, it may be seen that the effect of anchor-set 
is to reduce the steel stress from fs(x) to f;(x). The distance over 
which anchor-set affects the pres~ressing force extends over a distance b 
from the live anchor. This distance will be referred to as the slip 
length. Considering an element dx of the tendon situated a distance x 
from the jacking end, the change in its length d~ due to anchor set may 
be written 
d~ = 1 [f (x) - f* ( x) ] dx ~ s s (A.4.2) 
The total change in length that takes place in the tendon over the 
slip length b must be equal to the amount that the tendons slip at the 
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anchor ~ due to anchor set. The total slip may be obtained by integration 
of Eq. A.4.2: 
~ = f Jb [f 5 (x) - f;(x)] dx = E1s (Area ABC) 
s 0 
(A.4.3) 
Thus, the area ABC is linearly related to the slip that takes 
place at the anchor. 
Applying Eq. A.4.l to the case of straight tendons (i.e. a = 0), 
fs(x) and f;(x) may be expressed as (see Fig. A.6): 
( ) -kx fs x = fso e 
f~(x) -k(b-x) = f e = sb e-
2kb ekx fso 
(A.4.4) 
(A.4.5) 
Substitution into Eq. A.4.3 and performing the indicated integra-
tion yields: 
~ = - e 
2 
-kb ] 
Eq. A.4.6 is now' solved for the slip length b: 
b = - t 1 n [1 - /~~::] 
where: ln = Napierian logarithm. 
(A.4.6) 
(A.4.7) 
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Once the slip length, b, is known, the initial steel stress can be 
calculated by using Eq. A.4.5 over the interval 0 ~x ~b and Eq. A.4.4 
over the rest of the tendon. These expressions may be written in terms of 
prestressing force simply by replacing the steel stresses by appropriate 
values of steel force. It must be confirmed that the slip length,b , is 
less than or equal to the tendon length. 
In the case of segmentally constructed post-tensioned bridges, 
some of the prestressing tendons may be very short. In these short tendons 
it is possible that the slip length may extend over the entire length of 
the tendon. Consideration of Fig. A.7 will reveal that knowledge of 
fs(L), the steel stress at the dead-end anchor, will enable one to estimate 
the steel stress everywhere in the tendon. 
Referring to Fig. A.7: 
f*(x) = f (L) e-k(L-x) 
s s 
(A.4.8) 
where: L = total length of the tendon. 
Eq. A.4.4 for fs(x) is, of course, still valid. Bearing in mind 
that the slip that takes place at the anchor is related to lIEs (Area ABeD), 
L ~ = is J [fs(x) - f~(x)] dx = 
o 
i- (Area ABCD) 
s 
(A.4.9) 
Substituting Eqs. A.4.4 and A.4.8 into the above expression, 
performing the integration and solv.ing for fs(L), the following expres-
sion is obtained: 
(A.4.l0) 
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Once fs(L.) is known, the initial steel stress in the tendon may be 
calculated from Eq. A.4.B. 
For tendons stressed from both ends, the procedures outlined above 
may be followed to determine the initial prestressing force. If the slip 
length is less than or equal to half the tendon length, the first set of 
equations is used independently at both ends of the tendon. If the slip 
length exceeds half the tendon length, the second set of equations may be 
used, with L set equal to half the length of the tendon. For this parti-
cular case only one half of the tendon need be considered because the 
variation of prestressing force will be symmetrical about the middle of 
the tendon. 
A.5 Effects of Static Indeterminancy 
For statically indeterminate structures, .the equations of equili-
brium do not yield enough information to enable one to determine the 
stresses that arise in the structure due to the application of load. 
Thus, the material properties ne~d to be included in the solution of such 
a problem. Furthermore, the time-dependent deformations of statically 
indeterminate prestressed concrete structures may be expected to lead to 
time-dependent changes in stress distribution. Specifically, for stati-
cally indeterminate prestressed concrete beams this means that a time-
dependent redistribution of bending moment may be expected to take place 
due to the combined effects of shrinkage, creep and relaxation. 
In this study, the effects of static indeterminancy were treated 
by a flexibility approach. In order to outline the approach followed, 
consider the beam continuous over n supports, as illustrated in Fig. 
A.Ba. Firstly, the structure is made statically determinate by removing 
all the interior supports, as shown in Fig. A.Bb. In general, the 
imposed load system or time-dependent strains, whichever is being con-
sidered, will impose non-zero deflections in the equivalent statically 
determinate beam at the locations of the interior supports. 
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From this point on the object is to find a set of point loads that 
will satisfy the original boundary conditions, when they are applied to 
the equivalent statically determinate structure at the positions of the 
supports. These point loads correspond to the unknown interior reactions. 
This objective is accomplished by calculating the deflections of the 
equivalent statically determinate structure at the positions of the 
. interior supports due to a unit point load applied, in turn, at the loca-
tions of each interior support. Figure A.Bc defines these deflections 
for the unit point load applied at support j. By making use of the 
principle of superposition and the fact that the vertical deflection at 
each support is zero, the following expressions may be written: 
+ - - - + R 8 (n-l) 2(n-l) + 112 = 0 
+ - - - + R 8 (n-l) 3(n-l) = 0 
+ R 8 + 11 (n-l) (n-l)(n-l) (n-l) = 0 
(A.5.l) 
where: ~. = deflection of the equivalent statically determinate struc-1 
ture at the location of support i due to the effects of 
applied loads or time-dependent effects, whichever is being 
considered, 
o .. = deflection of the equivalent statically determinate lJ 
structure at the location of support i due to a unit 
point load applied at the location of support j and 
R. = vertical reaction at support i. 1 
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The positive directions of the above quantities are defined in 
Fig. A.B. Equations A.5.l represent (n-2)' simultaneous equations in (n-2) 
unknowns. This system of equations may be cast in matrix form as follows: 
- °2(n-l) 
- °3(n-l) 
= 
O(n-l)(n-l) 
- ~2 
- ~ 3 
(A.5.2) 
This expression may be represented in a more compact notation as: 
[F] {R} = - {~} (A.5.3) 
This system of equations may readily be solved to yield {R}, the 
unknown reactions at the interior supports. Once these reactions are 
known, they may be applied to the equivalent statically determinate 
structure as point loads and the resulting moments, stresses, strains and 
deflections calculated .. It should be noted that for the case of a tendon 
being stressed, the moments thus calculated are the so-called secondary, or 
parasitic, moments due to prestressing. The total of the moments, 
stresses, strains and deflections due to the applied actions or deforma-
tions is obtained by superimposing the results obtained above on the 
results obtained by applying the actual action or deformations to the 
equivalent statically determinate structure. 
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In the light of the above derivation, it should be clear that the 
elements of a particular column of the flexibility matrix [F] may be 
generated by finding the deflection of the equivalent statically 
determinate structure at the locations of each of the interior supports, 
due to the application of a unit point load at the location of the 
support to which this particular column of the flexibility matrix applies 
(see Eqs .. A.5.2 and A.5.3 and Fig. A.Bc). 
Finally, the numerical integration procedure as outlined by 
Godden (23) was used for the calculation of deflections in this study. 
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Table A.l: Coefficients for the Expression for the 
C.E.B. Creep and Shrinkage Factor, Kt 
Theoret i ca 1 S 
Thickness 
(em) 
5 0.139 0.515 
10 0.0709 0.574 
20 0.0331 0.608 
40 0.0103 0.713 
80 0.00101 0.934 
Note: These coefficients are for use with the following 
expression: 
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APPENDIX B 
THE KISHWAUKEE RIVER BRI.DGE AND EXPERIMENTALLY 
DETERMINED CONCRETE MATERIAL PROPERTIES 
The Kishwaukee River Brfdge is located in Winnebago County, about 
four'miles south of Rockford, Illinois. The structure spans over tne 
heavily wooded Kishwaukee River Valley and, consequently, one of the, 
primary considerations for selectfn~ a particular construction procedure 
was the preservation of the environment.. In order to achieve this aim 
the segmental cantil ever constructi.on procedure was a natural ch.oice 
because this method elim'inates 'tn.e use of heavy construction false-work 
and temporary supports. 
The contents of tftis Appendix are devoted to a description of the 
structure itself as well as a presentation of the experimentally determined 
material properties of the concrete used in the bridge.. These material 
properties were determined by tests conducted at the laboratories of tne 
Portland Cement Association (P.C.A.). All the information presented in 
this Appendix was supplied by either the P.C.A. or the Illinois Department 
of Transportat ion (30,52). 
It is important to note that the origin of the time scale which is 
used to define the points in time at which each construction acti.vity took 
place has arbitrarily been chosen as the day prior to which the first seg-
ment was cast. Thus, the day on which the first segment was cast is 
designated as day one. 
B.l The Kishwaukee River Bridge 
B.1.1 General Description 
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The Kishwaukee Rtver Brl.dge. compri.ses two identical pqra 11 el 
bridges, each bridge havi .. ng three .250 ft(76 .. 2 ml interior spans and two 
170 ft (51.8 m) side spans for an overall length .. of lQ90 ft (332.2 ro). 
The final structure ;s continuous· overall ftve spans. An e 1 ev at ton of th.e 
structure as well as the designation assigned to each segment is shown in 
Figure B.la. Each double cantilever is made up of 34 precast segments, 
while the side-span ends each comprise 6 segments.. Adjacent double canti-
l evers are joined to each other oy means of a cast in-situ closure segment 
(see Figure B. lb). 
Typically each segment has a constant depth of 11 ft 4 in (3.454 m) , 
a top width of 41 ft (12.50 mJ, and a length. of 7 ft (2.134 ml. The over-
all dimensions of such a segment is given in Figure B.2. Note that, in a 
double cantilever, the bottom flange thickness varies continually from 8 in. 
to 18 in. (0.203 m to 0.457 m) over the first six segments on each side of 
the pier (see Figure B.lb). The section properties of ~ach particular 
segment to be found in a double cantilever or side-span end are listed in 
Tables B.l andB.2, respectively. Tne pier segments were each provided with 
a diaphragm, the effect of which was ignored in the analytical procedure. 
The instrumented segments are designated SB1-Nl, SB1-N9 and SB1-N16. 
8.1.2 Erection Sequence 
The bridge was erected by the segmental cantilever construction pro-
cedure. Following this procedure, a double cantilever was progressively 
constructed by adding segments to each side of the pier. Once the erecti.on 
of a particular double cantilever was completed, it was joined to an 
adjacent double cantilever by provi.di.ng a cast in-situ closure segment. 
Continuity between the two structures was finally established by stressing 
the so-called continuity prestressing tendons. 
In order to restrict to a minimum the unbalanced moment that wi.11 
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occur at the pier during the construction of a double cantilever, se.gments 
were added alternately to cant il evers on opposite sides of the pier. 
Vertical pre.stressing and su'itably placed flat jacks were prov'ided at the 
pier to resist the unbalanced moment. Once the double cantilever was 
joined to the rest of t~e structure and the continuity tendons stressed, 
the moment resisting part of the support was destroyed by releastng the 
. . 
vertical prestressi.ng tendons at the pier and placing the double cantilever 
on the bearings. From that t'ime onward, the support functions as a simple 
support. This operation is termed re.l ease of the support. 
Segments were erected by making use of a steel launching girder. 
After the segment to be erected was in pos fti on, epoxy was appl i.ed to 
mating s.urfaces and th.e segment subsequently post-tens ioned to the canti-
lever. During this erection procedure metal shims were used to correct 
al ignments as needed.. This operati'on is of importance when interpreting 
the measured vertical deflection of the bri.dge. In order to insure that 
adjacent segments match properly, the seqments were precast using the. short-
line method of match-casting. 
The casting and erection times of each segment are given in Tables 
B.3 and B.4, respectively. Each of the precast segments was assumed to 
have been cured for 2 days, while the in-situ closure segments were cured 
for 7 days. It should be noted that for the purposes of analysis the actual 
erection sequence was used for the instrumented double cantilever, S81. 
In order to save some computational time, the erection sequences used for 
the purposes of the analysis of the other double cantilevers were somewhat 
modified by erecting more segments at fewer time steps than was the case for 
the actual structure. This step is justified by the relatively great age at 
which these segments were erected. It sh.oul d also be menti oned that the 
modifications to the actual erection sequence were minimal. The actual 
casting sequence of all the segments was used by the ana lys is. 
The sequence in \·,hich the double cantilevers and s.ide-span ends were 
joined to each other is given in Figure 8.3. This figure also gives the 
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times at which each of the tn-s.itu closure. segments was cast as well as the 
times at which the different sets of continuity tendons were stressed to 
their final value. It should be mentioned that prior to being stressed to 
th.is fi.nal value, the contfnuity tendons were stressed to 40 percent of 
the final value one day after th.e closure. segment was cast. 
For the purposes of the analysi's it was assumed that the interior 
supports were released at the times at which the continuity tendons were 
stressed. In the actual structure this operation usually took place two 
days after these tendons were stressed. It was, however, felt that the dis-
crepancy introduced into the calculation of creep strain would be negligible 
due to the relatively great age of most of the segments by the time this 
operation was performed. For this very reason it was assumed that the con-
tinuity tendons were directly stressed to their final value at the times 
given in Figure B.3. 
It should be noted that both side-span ends were erected on false-
work. 
B.l.3 Prestressing Details 
During the construction of each double cantilever, tendons were 
provided primarily to resist the negative moments induced by the self-
weight of the structure. These tendons were located in the top flange of 
the beam. Two tendons were provided in the bottom flange to facilitate 
the erection of segments. The tendons that established continuity of two 
adjacent cantilevers were primarily located in the bottom flange of the 
beam in order to provide some measure of positive moment resistance. The 
locations of the tendons in the top and bottom flanges are indicated by 
Figure B.2. 
All prestressing tendons used in the Kishwaukee River Bridge were 
l~ in. (31.8 mm) diameter Dywidag-Th.readbar. Each of these tendons were 
~t~A~~A~ tn 14~ ~ine {~4~ ~N' ~n~ ~nrhn~Q~ ~+ ,~~ ~~n~ (~n~ ~N' rAI'.'. 
_ ......... _ ................ '" • , .... "Lt"' ... \. ......... ''''''1 ","U .... 1l ..... ·&.VI ... "" ""W I .... V 1'-1.1-'.;) \vv .... '" i.-
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tendon profiles were straight. The variation of the number of tendons along 
the bridge is summarized in Figure B .4. 
For tne cons.truction of a do.uole cantilever the times- at which the 
tendons were stressed were dictated &y the erection sequence of the se,gments. 
The stressing times of the conti'nuity tendons are surrmarized in Fi,gure B. 3. 
For the purposes of analYSis a wob5le coefficient of Q.OQ07/ft 
(O.0023/m) and an anchor-set of 0.01 in. (0.25 mnl was assumed. 
B.2 Material Properties of the Concrete 
At the time that each of the iOns trumented segments were cast, 
thirty-five 6 x 12 in. (150, x 300 mm} concrete cylinders, per segment, were 
prepared in the precasting plant. The,se. cyl inders were steam cured for 
several hours and then shipped to the PeC.A. laboratories in Skokie, 
Illi,nois, for testing. Some of the cyltnders were cured in the laboratories 
under constant envi,ronmental conditi.ons at 730 F (230 C) and 50 percent 
relative humidity, while otners were subje.cted to the outdoor environment. 
It was felt that the exposed specimens would be subjected to about the same 
environmental conditions as the bridge itself. In what follows, a brief 
description of the concrete material properties as determined by tests on 
these specimens is given. A More extensive report will be published in the 
near future. 
The variation of the concrete compressive strength and the modulus 
of elasticity was determined by conducting tests which conform to the 
ASTM Specification C-39 (56). These properties of the concrete ~t different 
ages are summarized in Table B.5. 
Shrinkage measurements on both the indoor and outdoor specimens 
were started 7 days after casting. There were three sets of laboratory 
stored creep specimens, each set being loaded at a different age. The ages 
at loading were 28, 90 and 180 days. All the outdoor creep specimens 
were loaded at an age of 28 days. All creep tests were conducted in 
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compl iance with- the ASTM Specifi.catton C-512 (551, each. s.pectmen being 
subjected to a constant stress: of 20ci:o ps.t (13.8 N/mm21. The experimental-
ly obtai.ned specific creep curves for the different ages at loading as 
we 11 as the s.hrinkage curves for a 11 three of the instrumented segments 
are gi ven in Fi gures B. 5 through B. 8 for the 1 abora tory stored spec ;mens , 
and in Figures B.9and B.10 for the outdoor specimens. 
For the purposes of the analyti·cal procedure followed in this 
study, the material properties were assumed to be the same for each seg-
ment. Thus, the values of compressive strength and modulus of elasticity 
used in the analysis were obtained by taking the average of the appropriate 
quantities at each age. The specific creep and shrinkage curves used by 
the analysis procedure were not obtained by averaging appropriate curves, 
but rather by selecting curves corresponding to particular segments. The 
specific creep curves as well as the shrinkage curves used i.n th.e analysis 
are listed in Table B.6. 
For the particular case where th.e recommendations of the. C.E..B. 
ell) were used to generate. th.e material properti es of the concrete, the 
average 28-day compressive strengths for the outdoor specimens were used 
in;:the analysis. The creep and shrinkage multiplying factor reflecting the 
dependence of these phenomena on the composition of the concrete, Kb, 
deserves some special attention here (see Sect. 2.2.3.1). During the course 
of the casting of the prefabricated segments the mix proportions of the 
·concrete were changed several times. The water-cement ratio and the cement 
content used in three different mixes are listed in Table B.7. Each. of 
these combinations yielded a different value for~. These values of ~ 
were th.en averaged and the result used in the analysis. 
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Table B.l: Section Properties of Segments in the 
Double Cantilevers 
Segment Length Cross- Moment Distance Distance Weight 
Sectional of Inertia of Top of Bottom 
Area Fiber to Fiber to 
Centroidal Centroidal 
Axis Axis 
(i n. ) (;n. 2) (;n.4) (i n. ) (i n. ) (k/ft) 
SO and NO 42.000 13,692 42,115,000 62.762 76.988 14.263 
Sl and Nl 84.625 13,465 41,297,000 61.758 77.992 14.026 
S2 and N2 84.625 13,022 39,537,000 59.650 80. 100 13.565 
S3 and N3 84.625 12,595 37,607,000 57.408 82.342 13. 120 
S4 and N4 84.625 12, 183 35,502,000 55.031 84.719 12.691 
S5 and N5 84.625 11,787 33,216,000 52.521 87.229 12.278 
S6 through S16 84.625 11,595 32,005,000 51.216 88.534 12.078 
N6 through N16 
S17 and N17 28.625 11,595 32,005,000 51.216 88.534 12.078 
Closure Segment 150.750, 14,845 45,510,000 67. 150 72.600 15.464 
Note: 1 in. = 25.4 mm 
1 k/ft = 14.594 kN/m 
Segment 
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Table B.2: Section Properties of Segments in the 
Side"!'Span Ends 
Length Cross- Moment Distance 
Sectional of Inertia of Top 
Area Fiber to 
Distance 
of Bottom 
Fiber to 
Centroidal Centroida1 
SO and NO 
Sl through S4 
N1 through N4 
S5 and N5 
(in.) (in. 2) 
36.000 11,595 
90.000 11,595 
51.313 11,595 
Note: in. = 25.4 mm 
k/ft = 14.594 kN/m 
(in.4) 
32,005,000 
32,005,000 
32,005,000 
Axis Axis 
(i n. ) (in.) 
51.216 88.534 
51.216 88.534 
51.216 88.534 
Weight 
(k/ft) 
12.078 
12.078 
12.078 
Segment 
S17 
S16 
S15 
S14 
S13 
512 
511 
510 
59 
58 
57 
56 
55 
54 
S3 
52 
51 
SO 
NO 
N1 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
N9 
1'1' ,.., 
" IU Nl1 
N12 
N13 
N14 
N15 
N16 
N17 
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Table B.3: Casting Times of the Segments 
Days after 6 August 1977 
Double Cantilever 
SBl . SB2 SB3 SB4 
446 298 244 189 
445 294 243 187 
444 293 242 185 
441 292 241 181 
440 290 238 179 
439 290 237 173 
438 287 236 164 
437 287 235 161 
434 285 230 154 
433 284 229 152 
432 283 228 147 
432 280 227 138 
370 279 224 133 
369 278 223 130 
368 277 222 122 
367 276 221 119 
364 272 220 116 
322 7 19 22 
311 1 11 14 
339 248 193 76 
341 249 195 82 
342 250 196 85 
343 251 199 88 
346 252 201 90 
347 255 202 91 
348 256 203 94 
349 256 206 95 
350 258 207 96 
"' ... ,.. 
.:)0':) 259 208 97 
355 262 209 98 
355 263 210 101 
356 264 213 102 
357 265 214 103 
360 266 215 104 
361 269 216 105 
·362 270 217 110 
Side-Span 
Ends SBO 
and SB5 
70 
67 
62 
60 
55 
42 
319 
322 
326 
327 
328 
322 
Note: Day 1 corresponds to the day on which the first segment was cast. 
Segment 
S17 
516 
515 
S14 
S13 
512 
511 
510 
59 
58 
57 
56 
55 
S4 
53 
52 
51 
50 
NO 
N1 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
N9 
N10 
N11 
N12 
N13 
N14 
N15 
N16 
N17 
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Table B.4: Erection Times of the·Segments 
Days ~fter 6 August 1977 
Double Cantilevers 
5Bl 5B2 5B3 5B4 
458 437 412 362 
458 437 412 361 
455 437 411 361 
455 435 411 360 
455 434 411 360 
454 434 410 357 
454 434 410 357 
454 433 409 356 
453 433 409 356 
453 432 406 355 
453 432 406 354 
453 432 406 354 
452 431 402 353 
452 431 402 353 
452 431 399 349 
451 430 398 348 
449 428 397 347 
448 427 392 340 
448 427 396 341 
449 428 397 346 
451 430 398 348 
451 430 399 349 
452 431 399 350 
452 431 402 353 
452 432 402 353 
453 432 406 354 
453 432 406 354 
453 432 409 355 
454 433 409 356 
454 433 410 356 
454 434 410 357 
454 434 410 360 
455 434 411 360 
455 435 411 361 
458 437 412 361 
458 437 412 362 
Side-Span 
Ends SBO 
and SB5 
94 
91 
91 
91 
90 
63 
468 
615 
615 
615 
615 
615 
Note: Day 1 corresponds to the day on which the first segment was cast. 
Segment 
SB1-Nl 
SB1-N9 
SB1-N16 
Note: 1 ksi 
1 ksi 
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Table B.5: Compressive Strength and Modulus of 
Elasticity of Concrete 
= 
= 
Curing 
Environment 
Controlled 
Outdoor 
Controlled 
Outdoor 
Controlled 
Outdoor 
6.895 N/mm2 
1000 psi 
Age 
(Days) 
28 
180 
28 
180 
28 
90 
180 
28 
90 
180 
28 
90 
180 
28 
180 
Compressive 
Strength 
(psi) 
5680 
6240 
5750 
6460 
6190 
6070 
6450 
6080 
6510 
6450 
5740 
6130 
629Q 
4670 
6200 
.... :. :. ~'. ~ ~'.:'. ~ 
Modulus of 
Elasticity 
(ksi) 
4320 
4490 
4200 
4530 
4470 
4630 
4760 
4620 
4720 
4580 
4420 
4750 
4410 
4190 
4240 
-. ~ 
. - ........... 
.. - .,-",-'.-... , ... 
- '~'- .. ~,,~ ;~,:; v 
.-:- -' ~;~:'<~~~'::;i~ 
.BISOl-
Curing 
Environment 
Controlled 
Outdoor 
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Table B.6: Specific Creep and Shrinkage Curves 
Used in the Analyses 
-Specific Creep Shrinkage 
Age at Loading (Days) 
28 90 180 
SB1-Nl SB1-N9 SB1-Nl 
SB1-Nl 
Table B.7: Cement Content and Water-Cement Ratios 
for Different Concrete Mixes 
Cement 
Content 
(lbs/yd3) 
658 
658 
705 
Water-Cement 
Ratio 
0.46 
0.44 
0.44 
SB1-Nl 
SB1-Nl 
Note: 1 lb/yd3 = 0.593 kg/m3 
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APPENDIX C 
NOTATION 
The symbols used throughout this study are defined as they first 
appear. For convenience they are summarized in what follows: 
A 
B 
c 
C (t) 
L 
D 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
aging parameters, for use with the Dirichlet series 
representation of specific creep 
coefficient used in the expression for Kd, as given 
in Appendix A, Sect. A.l.l 
cross-sectional area of the concrete section 
cross-sectional area of tendon i 
distance over which anchor-set affects the prestressing 
force. measured from the jacking end 
coefficient used in the expression for Kd, as given 
in Appendix A, Sect, A.l.l 
relaxation constant, depending on the type of 
prestressing strand 
specific creep at time t, for concrete loaded at 
age ti 
specific creep at time ti' for concrete initially 
loaded at age Lr 
specific creep at time t, for concrete initially 
loaded at age L 
theoreti ca 1 thi ckness of member', as defi ned by the 
C.E.B. recommendations 
= degree of hardening of the concrete at the time of 
loadi,ng 
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e. 
1 
Es 
fc 
fc(t) 
f., f(t.) 
1 1 
f 
ctop 
f ~ (t) 
[F] 
k 
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= eccentricity of tendon i measured from the centroidal 
axis of the section, taken positive when the tendon is 
below the centroidal axis, and negative when above 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
secant modulus of elasticity of the concrete at an 
age of 28 days 
modulus of elasticity of the concrete at time t 
effective modulus of the concrete at time t, as 
defined in Sect. 3.2.1 
modulus of elasticity of the steel 
constant sustained concrete stress 
concrete stress as a function of time 
concrete stress at time ti 
concrete stress in extreme top fiber of 
cross-section 
concrete stress in extreme bottom fiber of 
cross-section 
cylinder compressive strength of concrete as a function 
of time since casting 
steel stress at time t 
initial steel stress 
steel stress at the jacking end, just prior to 
anchoring of the tendon 
steel stress at a distance x from the jacking end, 
just prior to anchoring of the tendon 
yield stress of steel, measured at an offset strain 
of 0.001 
flex'; bi l'ity;. matrix, as defi ned' in Append.ix A, 
Sect. A.S 
moment of inertia of the concrete section about the 
centroi.da 1 ax; s 
wobble friction coefficient, per unit length 
ln 
log 
L 
Mc 
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= factor expressing the dependence of creep and shrinkage 
on the composition of the concrete mix, defined in 
Sect. 2.2.3. 1 
= factor expressing the dependence of creep on relative 
humidity, defined in Sect. 2.2.3.1 
= factor expressing the dependence of creep on the 
concrete age at the time of loading, defined in 
Sect. 2. 2. 3. 1 
= factor expressing the dependence of creep and shrinkage 
on the member size and shape, defined in Sect. 2.2.3.1 
and Sect. 2.2.3.2 
= factor including the restraining effect of the longi-
tudinal reinforcement on shrinkage, defined in 
Sect. 2.2.3.2 
= factor expressing the time dependence of creep and 
shrinkage, defined in Sect. 2.2.3.1 
= stiffness matrix for the concrete cross-section, 
associated with the axial strain and curvature of 
the section 
= stiffness matrix for the prestressing steel, associated 
with the axial strain and curvature of the section 
= natural or Napierian logarithm 
= logarithm to the base 10 
= tendon length 
= resultant moment of the concrete force about the section 
centroid necessary to restore compatibility of steel 
and concrete strains when a strain is imposed on the 
cross-section 
= resultant moment of the steel forces about the section 
centroid necessary to restore compatibility of steel 
and concrete strains when a strain is imposed on the 
cross-section 
n 
R 
R. 
1 
{R} 
t, t. 
1 
T 
x 
B 
= 
= 
= 
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Es/Ec' modular ra~io; also used as a coefficient in 
the expression for Kd, as given in Appendix A, 
Sect. A. 1. 1 
percentage longitudinal steel 
resultant concrete force necessary to restore compati-
bility of steel and concrete strains when a strain is 
imposed on the cr6ss-section 
= resultant steel force necessary to restore compati-
bility of steel and concrete strains when a strain is 
imposed on the cross-section 
= change in force in the i-th tendon due to the effects 
of elastic recovery 
= ratio of specific creep recovery to specific creep 
= vertical reaction at support i of an intermediate 
structure 
= column vector containing the reactions at the interior 
supports of a statically indeterminate intermediate 
structure 
= time 
= temperature 
= distance from the jacking end to the point on the 
tendon being considered 
= distance of the section centroid to the extreme 
bottom fiber of the section 
= distance of the section centroid to the extreme 
top fiber of the section 
= 
= 
coeffici ent used in the expression for ~, as given 
in Appendix A, Sect. A.l.l; elsewhere it represents 
the total angular change of the tendon profile between 
the jacking end and any point x along the span, 
in radians 
coeffi cient us.ed in the expression for Kt , as given 
in Appendix A, Sect. A.l.l 
cS •• lJ 
6f ., D.f(t
1
.) Cl 
ilfs 
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= deflection of the equivalent statically determinate 
structure, as defined in Appendix A, Sect. A.5, at the 
location of support i due to a unit point load applied 
at the location of support j 
= anchor set 
= deflection of the equivalent statically determinate 
structure, as defined in Appendix A, Sect. A.5, at the 
location of support i due to the effects of applied 
loads or time-dependent effects 
= number of days at which hardening of the concrete took 
place at Toe 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
column vector containing the 6;IS which apply to the 
interior supports of a statically indeterminate 
intermediate structure 
change in concrete stress at time ti 
change in steel stress due to causes other than 
relaxation 
imposed axial strain on concrete cross-section, 
defined in Appendix A, Sect. A.2 
imposed strain in extreme bottom fiber of concrete 
cross-section, defined in Appendix A, Sect. A.2 
change of creep strain during the m-th time interval 
imposed strain in extreme top fiber of concrete 
cross-section, defined in Appendix A, Sect. A.2 
imposed curvature of concrete cross-section, defined 
in Appendix A, Sect. A.2 
instantaneous elastic strain 
basic shrinkage strain as a function of relative 
humidity, defined in Sect. 2.2.3.2; also used as 
axial strain of the concrete section as defined in 
Appendix A, Sect. A.2 
= concrete strains involved in the calculation of the 
effects of elastic recovery, defined in Appendix A, 
Sect. A.2 
A· 1 
L' 1 
cp(T) 
CPt 
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= total creep strain at time t 
= strain associated with the steel, at the centroid of 
the section, defi'ned in Appendix A, Sect. A.2 
= hypothetical steel strains involved in the calcula-
tion of th.e effects of elastic recovery, defined in 
Appendix A, Sect. A.2 
= shrinkage strain at time t 
= concrete strain in the extreme bottom fiber corrected 
for the effects of elastic recovery 
= concrete strain in the extreme top fiber corrected 
for the effects of elastic recovery 
= retardation times, for use with the Dirichlet series 
representation of specific creep 
= curvature friction coefficient 
= creep coefficient independent of time and concrete age 
at loading, defined in Appendix A, Sect. A.l.2 
= concrete age at loading 
= concrete age at loading corresponding to the i-th 
specific creep curve 
= temperature shift function, for use with the 
Dirichlet series representation of specific creep 
= curvature of concrete section as defined in Appendix A, 
Sect. A.2 
= curvature associated with the steel strain as defined 
in Appendix A, Sect. A.2 
= creep coefficient, expressed as the product of five 
partial factors 
